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CHAPTER 1 
GENERAL INTRODUCTION 
 
Introduction to Maize Endosperm 
Cereal crops including wheat, maize, barley, millet, sorghum, oat, and rye represent some 
of the most important crops to human society. The cereal grain is composed of pericarp, 
endosperm, and the embryo. The endosperm represents a major portion of human and animal 
nutrition and has important industrial applications in ethanol and plastics manufacturing. Cereal 
grain development initiates with double fertilization which leads to the formation of the diploid 
embryo and triploid endosperm (Sun et al., 2010; Radchuk et al., 2011). Cereals endosperm 
development is separated into three main phases; early development, cell differentiation, and 
maturation (Sabelli and Larkins, 2009; Becraft and Gutierrez-Marcos, 2012). Early endosperm 
development involves the formation of the coenocyte, alveoli, and cellularization.  Upon the 
fusion of one of the sperm haploid nuclei with the two haploid nuclei of the large central cell in 
the megagametophyte, a period of free nuclear division occurs resulting in the formation of a 
multinucleate coenocyte. The free nuclei are then arranged to the periphery of the cytoplasm by 
cytoskeletal arrays and cell wall materials are laid down between adjacent nuclei forming alveoli, 
cup-like structures with a lack of cell wall materials on the interior plane. The first true layer of 
cells is generated with the formation of the next internal layer of alveoli. The process of the 
creation of an internal layer of cells and external layer of alveoli continues inward until the entire 
volume of the endosperm is filled.  
Mature cereal endosperm is composed of three major cell types; starchy endosperm, basal 
transfer cells, and aleurone. Starchy endosperm comprises the main storage vessels for resource 
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reserves in cereal grains. These reserves consist primarily of starch granules and protein bodies 
which provide the nutrition to fuel the growth of the seedling during seed germination. Starchy 
endosperm cells undergo endoreduplication and programmed cell death at maturity (Edgar et al., 
2014; Sabelli et al., 2014). The basal transfer cells occupy the basal end of the endosperm 
adjacent to the maternal pedicel tissue. Basal transfer cells are characterized by thick cell wall 
ingrowths which function in the uptake and transport of nutrients from the maternal tissue into 
the endosperm which fuels the development of both the embryo and endosperm (Offler et al., 
2003; Becraft and Gutierrez-Marcos, 2012). Basal transfer cells are dead at maturity.  
 
Aleurone  
Modified from part of a book chapter to be published by Brian Larkins in 2017 
Bryan C. Gontarek and Philip W. Becraft 
 
Introduction 
The aleurone is a layer of cells that forms at the surface of the endosperm and is present 
in the seeds of most flowering plants. It has epidermal-like characteristics except that it is not 
directly exposed to the atmosphere but rather is covered by maternally derived tissues comprised 
of the testa and pericarp. Aleurone is unique among endosperm cell types in that it is the only 
tissue remaining alive in fully mature kernels.  
The maize aleurone has a rich history of being used as a research tool, being instrumental 
in many fundamental discoveries by pioneering geneticists, including Barbara McClintock and 
others. Anthocyanin pigmentation of aleurone cells provides a convenient phenotypic marker 
that is commonly utilized in genetic screens. Its use has led to the discovery of genes that 
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regulate anthocyanin biosynthesis and endosperm development. Anthocyanin pigmentation in the 
aleurone has also been utilized as a genetic tool to study the inheritance patterns and genetic 
behaviors of genes. Transposable elements, imprinting and paramutation are among the 
significant discoveries facilitated by studying the inheritance of factors regulating anthocyanin 
accumulation in the aleurone (Brink, 1956, Kermicle, 1970, McClintock, 1950).  
More recently, attention has focused on the aleurone per se, due to its important 
biological functions, implications for agronomic performance and industrial applications, and 
healthful properties.    
 
Biological functions of aleurone  
A variety of functions have been attributed to aleurone in different species. For our 
purposes, it is reasonable to assume that functions demonstrated in other cereals are likely to be 
conserved in maize. The major known functions in cereals include storage, defense and 
digestion. The aleurone is the major site for mineral storage within the endosperm. Minerals, 
particularly phosphorus, are stored bound to phytic acid. Maize is unusual among cereal grains in 
that the embryo is the major site for phytic acid accumulation and mineral storage, whereas in 
most small grains the endosperm is the major site (O'Dell et al., 1972). Nonetheless, within the 
endosperm, essentially all the phytate and stored phosphorous occurs in globoid structures   
contained within protein storage vacuoles located in the aleurone. Other minerals such as iron, 
magnesium and zinc are also associated with these phytate-containing globoids (Regvar et al., 
2011). Aleurone also accumulates high levels of proteins, lipids and vitamins compared to the 
rest of the endosperm (Brouns et al., 2012).  
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The endosperm, with its high concentration of stored nutrients, is an attractive target for 
pathogens and herbivorous insects. Defense is provided by the pericarp and aleurone, which each 
provide distinct functions. In mature grain, the dead pericarp cells provide a mechanical barrier 
and contain deposits of antipathogenic enzymes, however the aleurone is the only viable tissue to 
provide an active response to pathogen infection. Proteomic analysis identified aleurone 
expression of several defense related proteins including PR-4, CHITINASE, XYLINASE 
INHIBITOR PROTEIN-1 (XIP-1), and 7S GLOBULIN (Jerkovic et al., 2010). It was recently 
shown that defense related genes were enriched among genes regulated by NKD transcription 
factors in the aleurone (Gontarek et al., 2016). These included defensins, mlo family members, 
ROS related genes, genes involved in jasmonate and ethylene signaling, chitinase, and cell wall 
modifiers like xylanase inhibitor protein1. While an active response to pathogen attack has been 
demonstrated in germinating seeds by the induction of PR gene expression by a Fusarium fungal 
infection (Casacuberta et al., 1991), remarkably little work has been done on this important 
aspect of aleurone function. 
The most well-known function of aleurone is the digestion of storage products during 
germination. At imbibition the aleurone secretes amylases and other hydrolases into the dead 
starchy endosperm where they break down starch and storage proteins, remobilizing free sugars 
and amino acids to nourish the germinating seedling until it becomes autotrophic. Amylase genes 
expressed in the aleurone have served as an important system in classic studies of hormonal gene 
regulation (Kaneko et al., 2004, Robertson, 2004, Zentella et al., 2002). The digestive activity of 
the aleurone is induced by gibberellin (GA) signals sent from the embryo and is inhibited by 
abscisic acid (ABA). Performance of the aleurone digestive function culminates in a novel mode 
of programmed cell death (Bethke and Jones, 2001, Bethke et al., 1999). 
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Practical properties of aleurone 
Some of the practical aspects of aleurone are obvious given their biological function. 
Defense functions are important because fungal infections of seeds and ears decrease grain yield, 
quality and market value, and pose health risks from aflatoxin. Furthermore, bacterial and fungal 
infections can inhibit germination and lead to seedling infection, thus negatively impacting stand 
establishment (Stuckey et al., 1985).  
Rapid remobilization of storage reserves during germination is also essential for seedling 
emergence and crop stand establishment; the seedling can only grow as fast as nutrient supplies 
allow. Proper coordination between metabolic activities in the embryo and aleurone are essential 
as well as adequate production of amylases and proteases to produce sufficient metabolites to 
fuel seedling growth. The digestion of storage products has the added effect of converting starch, 
which is non-fermentable, into fermentable sugars; this property is exploited by the malting 
industry. Malting consists of the partial germination of grains followed by heating to kill the 
grains and dry them. Later, when the malted grains are steeped in warm water, the amylases 
produced during malting convert the starch to sugar which can then be fermented by yeast. The 
rapid and uniform conversion of starch to sugar is a critical quality trait for malting grains and 
this depends directly on the activity of the aleurone during germination (malting).  
Aleurone also has important health benefits. Cereal bran has been credited with a litany 
of dietary health benefits, including cardiovascular health, anti-cancer and anti-diabetes. Bran 
consists of pericarp and aleurone, and most of the dietary health benefits can be attributed to 
aleurone (Borowicki et al., 2009, Brouns et al., 2012, Cheng et al., 1987, Choi et al., 2007, 
Fenech et al., 1999, Fenech et al., 2005, Graham et al., 2009, Harris et al., 2005, Henderson et 
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al., 2012, Jain et al., 2008, Kim et al., 2013, Lafiandra et al., 2014, Lillioja et al., 2013, Lopez et 
al., 1999, Lu et al., 2000, Lu et al., 2004, McIntosh et al., 2001, Neyrinck et al., 2008, Norazalina 
et al., 2010, Okarter and Liu, 2010, Sabikhi et al., 2012, Stewart and Slavin, 2009). 
Compositional studies have indicated that aleurone contains a high concentration of many of the 
healthful constituents in cereal bran including fiber (arabinoxylans, -glucans (Harris et al., 
2005, Lafiandra et al., 2014, Lu et al., 2000)) vitamins (tocopherols, folate (Fenech et al., 1999, 
Fenech et al., 2005, Henderson et al., 2012, Moreau et al., 1996)), anti-oxidants (ferulic acid and 
other phenolic compounds, polyamine conjugates, anthocyanins  (Abdel-Aal and Hucl, 2003, 
Choi et al., 2007, Islam et al., 2011, Jing et al., 2008, Mateo Anson et al., 2008, Price et al., 
2012)), minerals (P, K, Mg, Fe, Na, Al, and Zn  (Lillioja et al., 2013, O'Dell et al., 1972, Regvar 
et al., 2011, Stewart et al., 1988)), and healthful lipids (phytosterols; esters of ferulate and p-
coumarate (Iwatsuki et al., 2003, Moreau et al., 1996, Jain et al., 2008, Norton, 1995)). 
  
Aleurone ontogeny and differentiation 
As described in above, the endosperm initially undergoes a coenocytic phase followed by 
cellularization. During this process, the alveoli arranged around the endosperm periphery 
undergo a periclinal division to produce an outer layer of cells and an inner layer of alveoli. This 
repeats in the inner alveoli until the entire volume of the endosperm is cellularized. The 
outermost layer of cells represents the founder cell population for the aleurone while internal 
cells produce starchy endosperm (Brown et al., 1994, Olsen, 2001, Randolph, 1936, Kiesselbach, 
1949, Leroux et al., 2014). Cells in the outermost layer immediately assume a distinct behavior 
from internal cells; the outer cells divide primarily in the anticlinal and periclinal orientations 
whereas internal cells divide in random planes (Kiesselbach, 1949, Randolph, 1936, Becraft and 
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Asuncion-Crabb, 2000, Morrison et al., 1978). These peripheral cells exhibit a typical 
preprophase band of microtubules that predicts their division plane while the internal cells are 
unusual in that they reportedly lack this cytoskeletal array (Brown et al., 1994, Brown et al., 
1996, Olsen, 2001).  
The timing of developmental events can vary substantially due to environment and 
genetics but by 5 days after pollination (DAP), the outer cell layer shows distinct expression of 
the BETL9-like gene (formerly named al9), indicating that these cells have already begun to 
differentiate (Gomez et al., 2009, Royo et al., 2014). At 
8 DAP, aleurone cells are rectangular in section, thin-
walled, and highly vacuolated. By 12 DAP, the cells 
have begun accumulating cytoplasmic inclusions that 
continue to accumulate until maturity giving the 
aleurone cells their densely staining characteristics 
(Becraft and Asuncion-Crabb, 2000, Kiesselbach, 1949, 
Leroux et al., 2014, Morrison et al., 1975, Randolph, 
1936).  
Mature aleurone cells contain thick, 
autofluorescent cell walls, have a regular cuboidal shape 
in section, and form a tessellation of variably shaped 
cells when viewed from the surface (Figure 1). The 
dense cytoplasm results from an accumulation of 
various inclusions. Aleurone grains are globoid bodies 
containing phytic acid and protein surrounded by lipid 
 
Figure 1. Marker expression in 
aleurone cells 
(A) A top-down view of aleurone 
cells expressing a vp1-promoter-
GFP transgene (Cao et al., 2007). 
(B) Sectional view from the side 
with aleurone cells expressing a 
RAB17:RAB17-YFP transgene 
(Gontarek et al., 2016). Size 
bar=100 m. 
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droplets while protein-carbohydrate bodies are another type of inclusion (Jakobsen et al., 1971, 
Jones, 1969, Kyle and Styles, 1977, Morrison et al., 1975, Swanson et al., 1998). Unlike the 
starchy endosperm which accumulates prolamin storage proteins in ER derived protein bodies, 
the aleurone produces specialized vacuoles. In aleurone cells, prolamin storage proteins are 
loaded into protein storage vacuoles which contain multilayered membranes and engulfed 
cytoplasm (Reyes et al., 2011). These specialized protein storage vacuoles form in a process 
similar to autophagosomes. Another distinguishing trait of the aleurone is that they do not 
accumulate starch granules. In particular genotypes, anthocyanin pigmentation specifically 
accumulates in the aleurone at late stages of differentiation (Cone, 2007). 
The aleurone is the only cell type in the endosperm to remain alive in fully mature dry 
seeds. ABA signaling in the aleurone is required to promote quiescence and desiccation 
tolerance, a highly specialized state involving complex physiological adaptations including the 
accumulation of dehydrin proteins that protect membranes and proteins (Egerton-Warburton et 
al., 1997, Goyal et al., 2005, Vicente-Carbajosa and Carbonero, 2005).   
 
Regulation of aleurone development 
As previously described, the first periclinal division that generates the outer layer of cells 
from alveoli produces the aleurone founder cell population. However, this outer cell layer also 
contributes cells internally that will differentiate as starchy endosperm cells and position is what 
ultimately determines cell identity. This was revealed by a cell lineage study utilizing the Ac/Ds 
transposable element system to simultaneously mark cells with C1, which confers anthocyanin 
pigmentation in the aleurone, and wx1, which marks starchy endosperm cells with amylose 
deficiency (Becraft and Asuncion-Crabb, 2000). Clonal sectors arising throughout development 
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contained both aleurone and starchy endosperm cells indicating that the same progenitor cells 
continually produce both cell types. The implication is that position specifies aleurone versus 
starchy endosperm cell fate. This was further supported by analysis of connated kernels showing 
that when abutting endosperms grow together and fuse, aleurone cells that become internalized 
transdifferentiate to starchy endosperm cell identity (Geisler-Lee and Gallie, 2005). Thus, cell 
fates are specified by positional cues that act throughout kernel development. As discussed 
below, the identity of the positional cue(s) specifying aleurone cell fate remains elusive.    
That a single lineage can produce both aleurone and starchy endosperm cell types indicates a 
degree of developmental plasticity in cells of the endosperm periphery. This was further 
illustrated by analysis of defective kernel 1 (dek1) genetic mosaics. Loss-of-function dek1 mutant 
endosperms lack aleurone and instead contain starchy endosperm cells in the outer layer (Becraft 
and Asuncion-Crabb, 2000, Becraft et al., 2002, Lid et al., 2002). This phenotype indicates that 
the DEK1 gene product is required for aleurone cell fate; that is, dek1 mutant cells cannot 
perceive or respond to the cues that specify aleurone fate. Revertant sectors of a transposon-
induced dek1 allele produced wildtype aleurone cells in a mutant background. Single-celled 
sectors reflect reversion events that occurred at the time of the last cell division during 
endosperm development (Becraft and Asuncion-Crabb, 2000). These results indicated the 
peripheral cell layer of endosperm remains competent to differentiate into aleurone and that the 
requisite positional cues are present throughout the entirety of development. Transposon induced 
dek1 loss-of-function experiments produced sectors of starchy endosperm cells, some as small as 
a single cell, in a background of wild type aleurone. Midway through kernel development, 
aleurone cell identity is clearly recognizable so this result indicates that the DEK1-mediated 
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response to the positional cues is required for aleurone cells to maintain their identity. Disruption 
of this signaling causes aleurone cells to redifferentiate as starchy endosperm.  
The dek1 gene encodes an integral membrane protein with a cytoplasmic calpain protease 
domain and a predicted extracellular loop region which has been hypothesized to function as a 
receptor (Lid et al., 2002; Wang et al., 2003; Johnson et al., 2008; Lid 2002;Kumar, 2010 
#1474). Presumably the activity of the calpain protease is regulated and it functions to cleave 
downstream protein(s). The identity of the protein(s) DEK1 directly regulates is unknown, 
however, a recent transcriptomic analysis indicated DEK1 regulates cell wall orientation and cell 
division plane via the regulation of the cell cycle (Liang et al., 2015). 
The analysis of mutants that cause aleurone mosaicism has revealed that the 
differentiation of the aleurone is under hierarchical genetic regulation (Becraft and Asuncion-
Crabb, 2000, Wisniewski and Rogowsky, 2004). One such mutant is crinkly4 (cr4), which 
possesses a mosaic aleurone phenotype with sporadic areas of aleurone and starchy endosperm 
cell identities in the peripheral layer of endosperm (Becraft et al., 1996, Jin et al., 2000). The 
mutant phenotype indicates that CR4 functions to positively regulate aleurone cell fate in the 
peripheral endosperm layer. The cr4 gene encodes a receptor like kinase (Becraft et al., 1996, Jin 
et al., 2000) . Both CR4 and DEK1 have been proposed to function in the perception of the 
positional cue which specifies aleurone cell fate (Becraft et al., 1996, Olsen et al., 1999).  
Analysis of supernumerary aleurone layer 1 (sal1) suggests it functions as an upstream 
regulator of DEK1 and CR4. The sal1 mutant kernel phenotype is characterized by multiple 
aleurone layers indicating it functions as a negative regulator of aleurone cell fate (Shen et al., 
2003). SAL1 is a CHMP1 protein involved in multivesicle sorting and retrograde vesicle 
trafficking at the plasma membrane. It was shown that SAL1, DEK1, and CR4 co-localized to 
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vesicles and it was proposed SAL1 promotes the retrograde transport of DEK1 and CR4 from the 
plasma membrane, thereby restricting their action and the extent of cells that differentiate as 
aleurone (Shen et al., 2003, Tian et al., 2007). 
The thick aleurone1 (thk1) gene represents another negative regulator of aleurone 
development, and although the molecular identity of thk1 remains elusive, genetic analyses have 
revealed important insights (Yi et al., 2011). The recessive thk1 mutant is characterized by 
multiple aleurone layers typically five cells deep, opaque kernels, and is embryo lethal. This 
phenotype suggests the thk1 gene product functions as a negative regulator of aleurone cell layer 
number and that either the sub-aleurone starchy endosperm cells in the thk1 mutant are mis-
specified as aleurone (i.e. the territory containing or responding to positional cues is expanded) 
or that daughter cells from anticlinal divisions in the aleurone fail to redifferentiate as starchy 
endosperm.  
Double mutant thk1 dek1 endosperm showed a thk1 phenotype indicating that thk1 is 
epistatic to dek1. This was further confirmed with a genetic mosaic experiment containing thk1 
dek1 double mutant sectors with the thick aleurone phenotype in a background of dek1 single 
mutant endosperm lacking aleurone (Yi et al., 2011). These data suggest that thk1 functions 
downstream of dek1 and that the dek1 gene product negatively regulates the thk1 gene function 
(perhaps indirectly) in the aleurone development pathway.  
The nkd1 and nkd2 genes are duplicate factors that encode members of the indeterminate 
domain (IDD) family of zinc finger transcription factors (Yi et al., 2015). Analysis of nkd1 nkd2 
double mutants revealed important insights into the genetic regulation, not only of aleurone 
development, but many other aspects of endosperm development as well (Becraft and Asuncion-
Crabb, 2000, Gontarek et al., 2016, Yi et al., 2015). The nkd1 nkd2 mutant is pleotropic, 
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effecting both the aleurone and starchy endosperm. The mutant phenotype is characterized by 
multiple layers of aleurone-like cells, indicating that the normal NKD functions are required to 
restrict the number of aleurone cell layers. The cells in these layers show sporadic lack of normal 
aleurone characteristics such as anthocyanin accumulation or expression of the aleurone identity 
markers vp1-promoter-GUS, rab17-YFP, indicating that NKD functions are also required for 
proper aleurone cell differentiation.  
Triple mutant thk1 nkd1 nkd2  endosperm showed more aleurone layers than either a 
single thk1 or nkd1 nkd2 mutants and had impaired aleurone cell identity evident by cytological 
characteristics and decreased expression of the vp1-promoter-GUS aleurone cell identity marker 
(Yi et al., 2015). These results suggest that thk1 and nkd1 nkd2 function independently for 
conferring aleurone cell layer number but that nkd1 nkd2 is downstream of thk1 in promoting 
aleurone cell differentiation. In the starchy endosperm, nkd1 nkd2 mutants are impaired in 
storage protein and starch deposition, and carotenoid accumulation, while grain maturation is 
disrupted resulting in occasional vivipary (Yi et al., 2015; Gontarek et al., 2016).   
   
Dissertation Organization 
 The general introduction including part of a book chapter (Chapter 1), a journal paper 
(Chapter 2), my side project (Chapter 3) and the general conclusions including part of a book 
chapter (Chapter 4) are included in this dissertation.  
 Chapter 2, in this chapter an analysis of NKD1 and NKD2 function in developing maize 
endosperm is described. We identify the DNA binding specificities of NKD1 and NKD2 and 
discern that NKD1 and NKD2 proteins can homo- and heterodimerize through their ID domains, 
and demonstrate they directly regulate transcription. RNA sequencing (RNAseq) analysis of 
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nkd1 nkd2 versus wild type (WT) endosperm revealed that NKD1 and NKD2 regulate 
widespread processes, including nutrient reserve deposition, gene expression, as well as cell 
growth and proliferation. The characterization of the nutrient reserve phenotypes of nkd1 nkd2 
mutants validated predictions of pathway analyses on transcriptomic data. My contributions 
included designing experiments,  qRT-PCR and transgene florescent microscopy experiments,  
differentially expressed gene enrichment and pathway analyses, seed weight assays, kernel 
scanning electron microscopy, endosperm total nitrogen and protein content assays, principle 
component analyses (PCA), SAAB and MEME analyses, EMSA’s, NKD direct target and 
enrichment analyses, BiFC and Co-IP assays, transcription assays, starch branch chain length 
distribution,  kernel starch content experiments and cloning all constructs used in the manuscript.  
 Chapter 3, in this chapter my side project involving a transcriptomic analysis of thk1 
mutant endosperm and a thk1 suppressor/enhancer screen is presented.  
Chapter 4, in this chapter a general conclusion of the results is discussed. A NKDs gene 
regulatory network of aleurone cell differentiation and maturation is proposed and a discussion 
of remaining research questions is presented.  
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Abstract 
 
 NAKED ENDOSPERM1 (NKD1) and NKD2 are duplicate INDETERMINATE DOMAIN 
(IDD) transcription factors important for maize (Zea mays) endosperm development. RNAseq 
analysis of the nkd1 nkd2 mutant endosperm revealed that NKD1 and NKD2 influence 6.4% of 
the transcriptome in developing aleurone and 6.7% in starchy endosperm. Processes regulated by 
NKD1 and NKD2 include gene expression, epigenetic functions, cell growth and division, 
hormone pathways and resource reserve deposition. The NKD1 and NKD2 proteins bind a 
consensus DNA sequence of TTGTCGT with slightly different properties. This motif was 
enriched in the promoters of gene transcripts differentially expressed (DE) in mutant endosperm. 
DE genes with a NKD binding motif in the 5’ promoter region were considered as likely direct 
targets of NKD1 and NKD2 regulation and these putative direct target genes were notably 
enriched for storage proteins. Transcription assays demonstrate that NKD1 and NKD2 can 
directly regulate gene transcription, including activation of opaque2 and viviparous1 promoters. 
NKD2 functions as a negative regulator of nkd1 transcription, consistent with previously 
reported feedback regulation. NKD1 and NKD2 can homo- and heterodimerize through their ID 
domains. These analyses implicate NKD1 and NKD2 as central regulators of gene expression in 
developing maize endosperm. 
 
Introduction 
 
Cereal endosperm nourishes the developing embryo and germinating seedling, composes 
a major portion of human and livestock diets, and has important industrial applications. Maize 
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endosperm consists of seven cell types as defined by histology and gene expression patterns 
(Leroux et al., 2014; Zhan et al., 2015). In mature kernels, the major cell types include starchy 
endosperm (SE), basal endosperm transfer (BET) cells and aleurone (AL) (Becraft and 
Gutierrez-Marcos, 2012). SE cells constitute the majority of the endosperm mass and function in 
nutrient reserve storage, primarily starch and protein. BET cells transport nutrients from maternal 
tissue into the developing endosperm. AL is important for digestion and remobilization of stored 
reserves during germination as well as mineral storage and pathogen defense (Stewart et al., 
1988; Fath et al., 2000; Jerkovic et al., 2010).  
Endosperm development begins with the formation of the coenocyte followed by 
cellularization. Subsequent cell differentiation involves the perception and response to positional 
cues that specify the different cell fates (Becraft and Asuncion-Crabb, 2000; Geisler-Lee and 
Gallie, 2005; Gruis et al., 2006). Maturation entails genomic endoreduplication and the 
accumulation of resource reserves in SE, acquisition of desiccation tolerance in AL, culminating 
in programmed cell death of the SE and BET cells, metabolic quiescence of the AL, and 
desiccation of the grain as a whole (Sabelli and Larkins, 2009; Becraft and Gutierrez-Marcos, 
2012).  
The duplicate genes naked endosperm1 (nkd1) and nkd2 encode INDETERMINATE 
DOMAIN (IDD) proteins (Yi et al., 2015), and the nkd1 nkd2 double mutant shows pleiotropic 
effects, including multiple layers of peripheral endosperm cells with compromised cell identity, 
decreased anthocyanin accumulation, opaque and floury endosperm texture, decreased 
carotenoid accumulation, decreased kernel dry weight, and occasional vivipary (Becraft and 
Asuncion-Crabb, 2000; Yi et al., 2015). These phenotypes indicate that nkd1 and nkd2 functions 
are required for cell patterning and differentiation, resource reserve deposition and seed 
28 
 
maturation. In wild type (WT), nkd1 and nkd2 transcripts accumulate in both AL and SE, 
consistent with the pleiotropic phenotype (Yi et al., 2015).  
IDD proteins are a plant-specific family of transcription factors (TFs) whose members 
function in a broad range of developmental and signaling processes (Morita et al., 2006; Welch 
et al., 2007; Tanimoto et al., 2008; Hassan et al., 2010; Feurtado et al., 2011; Ogasawara et al., 
2011; Seo et al., 2011b; Cui et al., 2013; Wu et al., 2013; Yoshida et al., 2014; Yoshida and 
Ueguchi-Tanaka, 2014; Jost et al., 2016). The IDD is composed of a nuclear localization signal 
and four highly conserved tandem zinc fingers: one standard C2H2 zinc finger, one irregular 
C2H2 zinc finger, and two irregular CCHC zinc fingers. There are 17 IDD family members in 
maize, some with tissue-specific expression differences (Colasanti et al., 2006; Sekhon et al., 
2013; Yi et al., 2015). The founding member of the IDD family, INDETERMINATE1 (ID1), 
controls flowering time in maize (Colasanti et al., 1998). ID1 localizes to the nucleus and binds 
an 11 base pair DNA consensus sequence of TTTGTCGTTTT which NKD1 (IDDveg9) can also 
bind, although with different specificity (Kozaki et al., 2004; Wong and Colasanti, 2007; Yi et 
al., 2015).  
In this study, we analyze NKD1 and NKD2 function in developing maize endosperm. We 
identify the DNA binding specificities of NKD1 and NKD2, discern that NKD1 and NKD2 
proteins can homo- and heterodimerize through their IDDs, and demonstrate they regulate 
transcription by binding DNA. RNA sequencing (RNAseq) analysis of nkd1 nkd2 versus WT 
endosperm revealed that NKD1 and NKD2 regulate widespread processes, including nutrient 
reserve deposition as well as cell growth and proliferation. Analyses of transcriptomic data lead 
to functional predictions that were validated by phenotypic analyses of nkd1 nkd2 mutants. 
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Results 
 
Identification of endosperm gene transcripts regulated by NKD1 and NKD2  
To identify genes and biological processes directly or indirectly regulated by NKD1 and 
NKD2 (NKD1/2) in developing endosperm, a transcriptomic analysis was undertaken to identify 
gene transcripts differentially expressed (DE) between WT and nkd1 nkd2 mutant. Laser capture 
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microdissection (LCM) coupled 
with RNAseq was previously 
performed on AL and SE cells 
from WT (B73 inbred) versus 
nkd1 nkd2 mutant endosperms at 
15 days after pollination (DAP) 
(Yi et al., 2015). These 50-base 
paired-end reads were re-aligned 
and mapped to the maize 
reference genome (B73 RefGen-
V3, GSE61057). A total of 
1.14x109 raw reads were 
generated, with a minimum of 
256x108 per tissue, summed 
over 3 biological replicates 
(Supplemental Table 1). Reads 
that uniquely mapped to the 
genome and were properly 
paired were selected for further 
analysis, which ranged from 
40.7% to 72.6% of the raw reads 
per tissue. Expression of 34,014 
genes was detected in AL cells 
 
Figure 1. Summary of Transcriptomic Analysis 
(A) Shared and unique differentially expressed (DE) genes in 
nkd1-R nkd2-R mutant aleurone (AL) and starchy endosperm 
(SE).  
(B) Proportion of genes with ≥1 read counts detected in 
RNAseq (expressed) to number of DE genes in AL and SE.  
(C) Scatter plot of RNAseq transcript abundance fold change 
values in nkd1-R nkd2-R mutant AL relative to WT AL (on the 
X-axis) against RT-PCR expression values (on Y axis) for the15 
RNAseq DE genes in nkd1 nkd2 mutant AL tested by qRT-PCR 
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whereas 32,629 genes were expressed in SE. Among these, 31,792 genes were expressed in all 
endosperm tissues sampled (WT and nkd1 nkd2 mutant; AL and SE).  
Differential expression (DE) analysis comparing nkd1 nkd2 mutant to WT identified 
2,188 DE genes in AL and 2,193 in SE (adjusted p-value ≤ 0.01) (Figure 1; Supplemental Table 
2; Supplemental Datasets 1 and 2). An MA plot of gene expression changes did not reveal any 
systemic bias in the data (Supplemental Figure 1A). Multidimensional scaling (MDS) analysis of 
gene expression variance among samples revealed that AL exhibited lesser variance than SE 
(Supplemental Figure 1B). Furthermore nkd1 nkd2 genotype had a greater overall impact on 
gene expression than did tissue type. Transcript abundance among the DE genes ranged from 
highs with mean normalized read counts up to 8 x 106 to lows of less than 10. Among DE genes, 
63.48% had decreased transcript abundance in mutant AL and 58.28% had decreased transcript 
abundance in mutant SE. The AL and SE DE datasets showed statistically significant overlap 
and similar transcript fold change trends (P<0.001; Z-score of 80.8). A total of 935 genes were 
DE between WT and mutant in both tissues (Figure 1A). 
To validate the RNAseq data, 15 DE genes were tested by qRT-PCR on independent, 
unamplified RNA from 15 DAP WT and nkd1 nkd2 AL. The qRT-PCR expression values 
showed a positive correlation (R2=0.7036) with the RNA sequencing log2 fold changes, 
indicating minimal bias in LCM-RNA sequencing results (Figure 1C). Eight of these transcripts 
exhibited statistically significant DE as expected based on the RNAseq analysis (Supplemental 
Figure 1C). Verified transcripts showing increased expression in nkd1 nkd2 AL included cell 
cycle related genes (tubulin1, cell division cycle2-like, actin-1, proliferating cell nuclear 
antigen2) and genes annotated as involved in epigenetic regulation (e.g., one encoding 
FASCIATA1-LIKE). Transcripts showing decreased mutant expression included the AL cell 
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identity marker phospholipid transfer protein homolog1 (Gruis et al., 2006), and genes related to 
nutrient reserve accumulation (granule bound starch synthase, prolamin-box binding factor1).  
 
nkd1 and nkd2 regulate genes involved in diverse processes 
To determine biological processes regulated by nkd1 and nkd2, pathway analyses were 
performed on DE genes using Gene-Ontology (GO), MaizeCyc, and CornCyc (Monaco et al., 
2013). Complete lists of significantly enriched GO terms are shown in Tables 1 and 2 and 
individual genes within each pathway are reported in Supplemental Datasets 1 and 2. There were 
notable effects on genes functioning in the regulation of gene expression, including 80 TFs with 
altered expression in mutant AL and 86 in SE (Figure 2). Epigenetic related factors were also 
affected, showing a general trend of increased expression in both mutant AL and SE. Thirty-
seven epigenetic related factors were DE in AL and 23 in SE. Cell division and cell growth 
pathways trended to increased expression in the mutant AL. Thirty-three cell division-related 
factors were DE in AL and 18 in SE, while 17 cell-growth factors were DE in AL and 17 in SE. 
The AL and SE each also showed wide ranging effects on hormone-related pathways including 
biosynthesis, signaling and response in systems including auxin, abscisic acid (ABA), ethylene, 
jasmonate, brassinosteroids, cytokinins and gibberellins (Figure 2; Supplemental Figures 2 and 
3).  
Pathways involved in the metabolism or accumulation of storage compounds generally 
showed decreased transcript levels in nkd1 nkd2 endosperm (Figure 2; Supplemental Figures 2 
and 3). Notably, many pathways involved in carbohydrate metabolism were affected. The mutant 
SE and AL both exhibited decreased expression of genes functioning in starch/glycogen 
biosynthesis, sucrose biosynthesis, and sucrose, galactose, and glycerol degradation, while 
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mutant AL also showed decreased expression of gluconeogenesis genes. Protein metabolism was 
 
Figure 2. Pathway Analysis of Differentially Expressed Gene Transcripts 
(A) and (B) Log2 fold change heat maps of differentially-expressed genes functioning in 
selected disrupted pathways in nkd1 nkd2 mutants. (A) aleurone and (B) starchy endosperm. 
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also affected, with mutant SE and AL both showing decreased expression of genes for storage 
protein accumulation (nutrient reservoir activity) and amino acid biosynthesis, while mutant SE 
also showed decreased expression of chorismate biosynthesis genes. Mutant AL also displayed 
decreased expression of lipid metabolism pathways, including linoleate biosynthesis and 
triacylglycerol degradation (Supplemental Figure 2A). SE showed decreased expression of genes 
involved in nutrient transport pathways (Figure 2). Of final note, genes involved in defense 
response were altered in both AL and SE, with an overall decrease in defense response-related 
gene expression in the mutant (Supplemental Figures 2C and 3C). Functional characterization 
performed by evaluating GO overrepresentation produced results consistent with pathway 
analyses, with AL DE genes enriched for GO-terms related to storage proteins (nutrient reservoir 
activity), sugar metabolism, epigenetics, microtubule related processes and cell division (Table 
1). SE GO-terms were enriched for DNA replication, nucleolus, plastid and cell wall (Table 2).  
Pathway analysis suggested that nkd1 and nkd2 may regulate cellular transport activities. BET 
cells are sites of intensive nutrient transport from the maternal plant tissue into the developing 
endosperm (Thompson et al., 2001) and decreased BET cell transport activity would be 
consistent with the decreased kernel weight and storage reserve accumulation in the mutant 
(Table 3).  
Pathway analysis suggested that nkd1 and nkd2 may regulate cellular transport activities. 
BET cells are sites of intensive nutrient transport from the maternal plant tissue into the 
developing endosperm (Thompson et al., 2001) and decreased BET cell transport activity would 
be consistent with the decreased kernel weight and storage reserve accumulation in the mutant 
(Table 3).  
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Table 1. Enriched GO Terms in nkd1 nkd2 Mutant Aleurone Differentially 
Expressed Genes 
 
GO term Ontology Description DE AL1 AL Tran.2 p-value3 FDR4 
GO:0045735 F nutrient reservoir activity 28 56 3.30E-18 3.70E-15 
GO:0032993 C protein-DNA complex 28 106 4.60E-10 3.10E-07 
GO:0000786 C nucleosome 26 101 3.40E-09 1.20E-06 
GO:0044427 C chromosomal part 35 173 8.20E-09 1.90E-06 
GO:0031497 P chromatin assembly 27 109 4.30E-09 3.80E-06 
GO:0006334 P nucleosome assembly 27 107 2.80E-09 3.80E-06 
GO:0071103 P DNA conformation change 33 152 3.40E-09 3.80E-06 
GO:0065004 P protein-DNA complex assembly 27 110 5.30E-09 3.80E-06 
GO:0034728 P nucleosome organization 27 107 2.80E-09 3.80E-06 
GO:0006333 P chromatin assembly or disassembly 27 111 6.50E-09 3.90E-06 
GO:0006323 P DNA packaging 27 115 1.50E-08 7.50E-06 
GO:0000785 C chromatin 27 122 5.50E-08 9.40E-06 
GO:0006325 P chromatin organization 39 233 2.60E-07 0.00012 
GO:0005694 C chromosome 37 230 1.40E-06 0.00019 
GO:0051276 P chromosome organization 42 271 8.00E-07 0.00032 
GO:0009501 C amyloplast 5 7 2.80E-05 0.0032 
GO:0046982 F protein heterodimerization activity 26 148 9.40E-06 0.0052 
GO:0034622 P cellular macromolecular complex assembly 41 297 1.90E-05 0.0068 
GO:0016701 F oxidoreductase activity, acting on single 
donors with incorporation of molecular oxygen 
14 58 2.90E-05 0.011 
GO:0007017 P microtubule-based process 28 179 4.00E-05 0.013 
GO:0019252 P starch biosynthetic process 8 21 4.40E-05 0.013 
GO:0004866 F endopeptidase inhibitor activity 12 49 9.00E-05 0.02 
GO:0030414 F peptidase inhibitor activity 12 49 9.00E-05 0.02 
GO:0015630 C microtubule cytoskeleton 27 189 0.00025 0.025 
GO:0034621 P cellular macromolecular complex subunit 
organization 
43 340 9.60E-05 0.027 
GO:0003777 F microtubule motor activity 15 79 0.00028 0.052 
GO:0009536 C plastid 188 2144 0.00068 0.058 
GO:0006112 P energy reserve metabolic process 5 10 0.00028 0.06 
GO:0005977 P glycogen metabolic process 5 10 0.00028 0.06 
GO:0005978 P glycogen biosynthetic process 5 10 0.00028 0.06 
GO:0007018 P microtubule-based movement 15 79 0.00028 0.06 
GO:0005975 P carbohydrate metabolic process 100 1023 0.00036 0.071 
GO:0009507 C chloroplast 178 2036 0.001 0.076 
GO:0003774 F motor activity 16 95 0.00072 0.078 
GO:0005506 F iron ion binding 57 534 0.00077 0.078 
GO:0016798 F hydrolase activity, acting on glycosyl bonds 46 407 0.00071 0.078 
GO:0004867 F serine-type endopeptidase inhibitor activity 9 36 0.00057 0.078 
GO:0051213 F dioxygenase activity 11 52 0.00068 0.078 
GO:0019843 F rRNA binding 11 55 0.0011 0.097 
GO:0004553 F hydrolase activity, hydrolyzing O-glycosyl 
compounds 
42 371 0.0011 0.097 
GO:0005875 C microtubule associated complex 15 92 0.0015 0.1 
GO:0065003 P macromolecular complex assembly 44 382 0.00062 0.12 
GO:0046983 F protein dimerization activity 58 566 0.0018 0.13 
GO:0008483 F transaminase activity 10 50 0.0018 0.13 
GO:0016769 F transferase activity, transferring nitrogenous 
groups 
10 50 0.0018 0.13 
GO:0016702 F oxidoreductase activity, acting on single 
donors with incorporation of molecular 
oxygen, incorporation of two atoms of oxygen 
10 51 0.0022 0.14 
GO:0051087 F chaperone binding 7 28 0.0023 0.14 
GO:0044430 C cytoskeletal part 28 229 0.0023 0.14 
GO:0044422 C organelle part 262 3190 0.0029 0.14 
GO:0044446 C intracellular organelle part 262 3187 0.0028 0.14 
GO:0005576 C extracellular region 49 474 0.0032 0.14 
GO:0031226 C intrinsic to plasma membrane 11 61 0.0027 0.14 
GO:0031225 C anchored to membrane 9 46 0.0036 0.14 
GO:0046658 C anchored to plasma membrane 9 46 0.0036 0.14 
GO:0005856 C cytoskeleton 31 272 0.0041 0.15 
GO:0043232 C intracellular non-membrane-bounded organelle 123 1405 0.0045 0.15 
GO:0043228 C non-membrane-bounded organelle 123 1405 0.0045 0.15 
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GO:0051301 P cell division 22 155 0.00096 0.17 
GO:0048046 C apoplast 35 323 0.0054 0.17 
GO:0033293 F monocarboxylic acid binding 5 16 0.0035 0.2 
1 Number of genes associated with each GO term that are differentially expressed between WT  and nkd1 nkd2 aleurone. 
2 Total number of genes in each GO category expressed in the aleurone transcriptome.  
3 Fisher’s exact test for GO term enrichment. 
4 False discovery rate. 
 
 
Table 2. Enriched GO Terms in nkd1 nkd2 Mutant Starchy Endosperm 
Differentially Expressed Genes 
 
GO term Ontology Description DE SE1 SE Tran.2 p-value3 FDR4 
GO:0006261 P DNA-dependent DNA replication 16 56 1.00E-06 0.0037 
GO:0005730 C nucleolus 53 432 8.10E-05 0.057 
GO:0031974 C membrane-enclosed lumen 79 755 0.00042 0.1 
GO:0070013 C intracellular organelle lumen 77 747 0.00075 0.1 
GO:0048046 C apoplast 39 324 0.00089 0.1 
GO:0009536 C plastid 193 2128 0.00046 0.1 
GO:0043233 C organelle lumen 77 747 0.00075 0.1 
GO:0009507 C chloroplast 179 2023 0.0019 0.18 
GO:0005618 C cell wall 60 579 0.0022 0.18 
GO:0031981 C nuclear lumen 63 613 0.0022 0.18 
GO:0044422 C organelle part 265 3160 0.004 0.2 
GO:0030312 C external encapsulating structure 60 596 0.0042 0.2 
GO:0044435 C plastid part 105 1128 0.0031 0.2 
GO:0044446 C intracellular organelle part 265 3157 0.0038 0.2 
GO:0005576 C extracellular region 49 467 0.0041 0.2 
GO:0032993 C protein-DNA complex 16 105 0.0028 0.2 
1 Number of genes associated with each GO term that are differentially expressed between WT and nkd1 nkd2 starchy  
  endosperm. 
2 Total number of genes in each GO category expressed in the starchy endosperm transcriptome.  
3 Fisher’s exact test for GO term enrichment. 
4 False discovery rate. 
 
Table 3. WT and nkd1 nkd2 mutant seed compositions  
Seed Component WT (+/- se) nkd1 nkd2 (+/- se) p-value* 
Total seed weight (mg) 220.16 (1.49) 128.12 (4.52) 1.01E-03 
Pericarp (mg) 11.34 (0.7) 9.61 (0.41) 0.12 
Endosperm (mg) 186.45 (1.39) 91.67 (3.74) 4.72E-04 
Embryo (mg) 22.38 (0.52) 26.84 (0.86) 0.02 
Endosperm protein (mg) 16.63 (1.05) 7.96 (0.53) 5.39E-03 
Endosperm nitrogen (%) 1.58 (0.05) 1.72 (0.12) 0.34 
Endosperm starch (mg) 108.19 (5.75) 73.02 (2.98) 2.97E-05 
* Student’s t-test    
Table 1 continued  
Table 1 Continued  
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Because BET tissues were not included in the transcriptomic analysis, potential NKD1 
NKD2 regulation of BET gene expression was tested using qRT-PCR on BET cell marker genes. 
RNA was isolated from the lower quarter of 12 DAP WT and nkd1 nkd2 endosperms. The 
expression of maternally expressed gene1 (meg1, p=0.027), and basal endosperm transfer 
layer2/bap2 (betl2, p=0.0195) were significantly increased in nkd1 nkd2 mutant, while basal 
endosperm transfer layer1 (betl, p=0.482) and myb related protein1 (mrp1, p=0.1445) were not 
significantly different (Supplemental Figure 4). These results suggest that nkd1 and nkd2 likely 
regulate transcription in BET cells but are not required for BET cell differentiation.  
 
Effects of the nkd1 nkd2 mutant on endosperm composition  
The nkd1 nkd2 mutant was previously reported to cause decreased total kernel weight and 
opaque endosperm texture (Yi et al., 2015), and transcriptomic analysis suggested alterations in 
starch and storage protein pathways, prompting examination of seed composition. WT and nkd1-
Ds nkd2-Ds0297 mutant kernels from the same F2 segregating ears were compared. Mutants 
contained less vitreous endosperm than WT (Figure 3A) and showed a 41.8% decrease of total 
kernel dry weight with a 50.8% reduction in endosperm (Table 3). The nkd1-Ds nkd2-Ds0297 
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mutant kernels showed a 
32.5% reduction in total 
starch abundance as 
determined by 
amyloglucosidase digestion 
quantified by colorimetric 
glucose oxidase-peroxidase 
(GOPOD) assays (Table 3). 
Some of the DE gene 
transcripts were implicated 
in determining starch 
structure (Figure 2), of 
which glucan branch chain 
length distribution is a major 
component. Glucan branch 
chain length abundance was 
measured by fluorophore-
assisted carbohydrate 
electrophoresis of de-
branched endosperm starch 
(O'Shea and Morell, 1996). 
Difference plots of nkd1 
nkd2 mutant minus WT 
 
Figure 3. Disrupted Nutrient Reserve Deposition in nkd1 
nkd2 Mutant Endosperm 
(A) Opaque endosperm phenotype in WT and nkd1-Ds; nkd2-
Ds0297 mutant kernels from an 
F2 segregating ear 
(B) Difference plots of nkd1-Ds; nkd2-Ds0297 mutant minus 
WT mean starch branch chain 
length abundance. “*” denotes statistically significant 
differences (p<0.05) determined by 
Student’s t-test. 
(C-F) Scanning electron microscopy (SEM) of starch grains of 
mature segregating nkd1-Ds 
nkd2-Ds0297 mutant (C,E) and WT (D,F) kernels. Arrows 
indicate hollow core in bisected starch granules. 
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starch chain length abundance show the mutant starch had a decrease in the frequency of branch 
chains of 6 and 27-28 glucose units, while chains 13-18 glucose units in length were significantly 
increased in abundance (Figure 3B).  
Starch grain morphology was examined with scanning electron microscopy (SEM). 
Whereas the WT starch granules had smooth surfaces and were nearly spherical in shape, mutant 
granules had distinctly pitted surfaces and were more irregularly shaped, sometimes appearing 
faceted (Figure 3C and 3D; Supplemental Figure 5). Further, bisected mutant starch grains often 
showed irregular hollow cores with internal pitting, while WT grains were nearly solid with a 
small hollow center (Figure 3E and 3F). Protein content in WT versus nkd1-Ds;nkd2-Ds0297 
mutant endosperm was estimated from total nitrogen content measured using Dumas N 
combustion (Schindler and Knighton, 1999). There was a 52.11% reduction in total protein 
content in endosperm of mutant segregants (p=0.0054, Table 3). 
Fluorescently tagged transgenes were available for several genes DE in nkd1 nkd2 mutant 
endosperm, including 2 storage protein genes, floury2 (fl2) (Coleman et al., 1997), globulin3 
(glb3) (Woo et al., 2001) and a putative ABA response gene responsive to aba17 (rab17) (Kizis 
and Pages, 2002). The nkd1-R nkd2-R mutant alleles were introduced into FL2-RFP, GLB3-RFP 
and RAB17-YFP transgenic lines, which consist of fluorescent proteins translationally fused to 
the maize gene coding sequences controlled by their native regulatory elements (Mohanty et al., 
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2009). Mature kernels were sampled from segregating F2 ears and epifluorescence imaging 
demonstrated that each reporter showed decreased fluorescence intensity in mutant compared to 
 
Figure 4. Marker Transgene Expression in WT and nkd1 nkd2 mutant endosperm 
(A) to (C) Florescence microscopy using narrow violet-broad range (NV) filter to visualize 
autofluorescence and an mCherry filter to visualize (A) FL2-RFP and (B) GL3B-RFP or a 
YFP florescence filter for (C) RAB17-YFP. AL indicates the aleurone layer and SE indicates 
the starchy endosperm. Size bars = 100 µm. 
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WT (Figure 4). Thus, decreased expression levels of these transgenic reporter proteins were 
consistent with the RNAseq analysis of native gene transcripts. 
Many variables can influence grain yield and composition but principal component analysis 
(PCA) clearly identified genotype as the primary contributor to the observed variance in these 
traits. Genotype explained 99.9% of the variance for endosperm weight and total protein, as well 
as for starch content and branch length, while the remaining 0.1% of variance was explained by 
independent cob, or independent kernel for protein and starch, respectively (Supplemental Figure 
6).  
 
Identification of NKD1 and NKD2 target DNA binding sequences 
To identify DNA binding sequences for NKD1 and NKD2 proteins, selection and 
amplification binding (SAAB) was undertaken. Columns were generated with the conserved 
DNA-binding ID domains of NKD1 (NKD1ID) and NKD2 (NKD2ID). Each protein was 
bacterially expressed as a GST fusion and purified proteins were covalently bound to ester 
agarose columns. The identity of purified recombinant protein was confirmed by SDS PAGE and 
MS/MS (Supplemental Figure 7). A column of purified GST from the empty vector served as a 
negative control for nonspecific binding. Libraries enriched for DNA-sequences that interact 
with the NKDID proteins were generated by passing random double-stranded oligonucleotides 
over each protein column for 6 cycles of selection and amplification. After cloning and 
sequencing selected oligos, a total of 77 unique sequences were recovered for NKD1 and 54 for 
NKD2. Motif analysis of the recovered sequences identified an 8-bp binding consensus sequence 
(BCS) of [TA]-T-[TCG]-G-T-[CGA]-G-T for NKD1 produced from 27 of the recovered 
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sequences (Figure 5A; Supplemental Table 3).  For NKD2, a 6bp BCS of T-G-T-[CT]-G-[TG] 
 
Figure 5. NKD1 and NKD2 DNA Binding 
(A) and (B) SAAB-MEME derived binding consensus sequences (BCS) for NKD1ID (A) 
and NKD2ID (B). 
(C) Oligonucleotide sequences used as probes for electrophoretic mobility shift assays 
(EMSAs). WT contains the consensus binding sequence, while M1 to M8 contain base 
substitutions indicated by magenta lettering. 
Binding, relative to WT for a given protein is indicated by +++ (>66%) ++ (33 to 66%) + 
(<33%) and – (no detected shift). 
(D) to (G) EMSAs. (D) and (F) show EMSA of consensus (WT) and mutant probes for 
NKD1-ID (D) and NKD2-ID (F) proteins. 
(E) and (G) Competition assays using labeled WT probe, and 50, 100 or 500-fold excess of 
unlabeled WT, M2 or M8 oligonucleotide, incubated with NKD1ID (E) or NKD2ID (G) 
protein. + indicates 
reaction with no competitor, – indicates negative control with GST protein instead of NKD. 
Overexposed images, additional EMSAs and negative controls using purified GST are shown 
in Supplemental Figures 8 and 9. 
43 
 
was identified from 19 recovered sequences, which was similar to the NKD1 BCS (Figure 5B; 
Supplemental Table 4). No sequences were recovered from the GST negative controls.  
Electrophoretic mobility shift assays (EMSAs) were performed to further examine the DNA 
binding properties of the NKD1 and NKD2 ID domains. Oligonucleotide probes were designed 
based on frequency of base occupancy in the SAAB selected BCSs (Supplemental Figure 8A and 
B). To test specific DNA base requirements, each base was substituted individually and assayed 
with both the NKD1ID-GST and NKD2ID-GST proteins. The GST protein tag purified from the 
empty vector showed no interaction with any of the oligonucleotide probes (Supplemental Figure 
8C and E). Relative binding affinity was determined for each mutant by comparing the amount 
of shifted probe relative to the non-mutant BCS probe. For NKD1ID, binding was abolished by a 
substitution of cytosine in position 8, and strongly decreased by a substitutions of thymine at 
position 4 or adenine at position 5 (Figure 5C and 5D; Supplemental Figures 8E and 9). Base 
substitutions at positions 2 and 7 produced moderate decreases in binding and substitutions at 
positions 3 and 6 produced slight decreases in binding affinity. Although position 1 appeared 
selected by SAAB, a cytosine substitution did not decrease binding affinity. Taken together, 
NKD1ID recognizes a 7-bp BCS of T-T-G-T-C-G-T (NKDcore). NKD2ID recognizes the same 
7bp NKDcore BCS but with different binding tolerances for off consensus base substitutions in 
positions 2, 3, 4, 6 and 8. (Figure 5C and 5F; Supplemental Figure 8E). Although position 2 was 
not selected by NKD2ID SAAB, binding was abolished in EMSA by a cytosine substitution. 
Binding was also abolished by a substitution in position 4, and strongly decreased by a 
substitution in position 5. Moderate decreases in DNA binding were observed for substitutions in 
positons 7 and 8. Competition EMSA with mutant probes showed binding to the BCS was 
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specific and confirmed that NKD1ID and NKD2ID have different tolerances for sequence 
variants at positions 2 and 8 (Figure 5E and 5G). 
 
NKD1 and NKD2 direct target gene prediction and motif enrichment 
To determine likely direct targets of NKD1 and NKD2, proximal promoter regions 
(PPRs) of all genes with transcripts detected in SE and AL were searched for the presence of 
NKD1, NKD2, and NKDcore BCSs using the MEME suite motif analysis tool Find Individual 
Motif Occurrences (FIMO) (Bailey et al., 2015). Sequence elements shown by EMSA not to 
bind NKD1 or NKD2 were removed from the analysis. NKDID binding to six of the variant 
BCSs identified by FIMO were confirmed by EMSA, verifying the efficacy of the FIMO 
analysis for predicting in vitro binding ability (Figure 5C, 5D and 5F; Supplemental Figure 8E). 
A total of 32,621 PPRs were identified from the 15 DAP AL transcriptome, including 2,135 DE 
genes and 31,389 PPRs were identified from the SE transcriptome, including 2,192 DE genes 
(Supplemental Dataset 3). The occurrences of NKD BCSs are summarized in Table 4, 
Supplemental Figure 10, and Supplemental Dataset 3. 
Due to the relatedness among the identified BCSs, there was considerable overlap among 
the FIMO-identified promoter elements (Supplemental Figure 10). Furthermore, because only 6 
bp were selected for NKD2 while 8 bp were selected for NKD1, there are considerably more 
potential NKD2 sites throughout the genome. Nearly half the predicted NKD1 and NKDcore 
sites are included among the NKD2 predicted sites and all the predicted NKD1 sites are included 
among the NKDcore sites.   
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Table 4. NKD BCS Enrichment in Differentially Expressed Gene Promoters 
The number of each motif’s occurrence in aleurone and starchy endosperm differentially 
expressed (DE) and RNAseq detected (Transcriptome) proximal promoter regions was 
determined. Motif enrichment in DE genes was assessed relative to the transcriptome. 
Aleurone 
 Motif DE Genes Transcriptome p-value* 
 NKD1 194 3064 p=0.70 
 NKD2 1050 11200 p≤0.01 
 NKDcore 816 10684 p≤0.01 
Starchy Endosperm    
 NKD1 217 2930 p≤0.01 
 NKD2 1059 15222 p=0.95 
 NKDcore 696 9970 p=0.982 
* Fisher's exact test  
 
To test whether NKD BCSs were enriched in the promoters of genes DE in the nkd1 nkd2 
mutant endosperm, the proportion of PPRs with one or more BCS among DE genes was 
compared to that of the 15 DAP transcriptome. In AL, NKD2 and NKDcore motifs were 
significantly enriched in DE genes, while the NKD1 motif was not (Table 4; Supplemental 
Dataset 3). Conversely, in SE, the NKD1 motif was enriched in DE genes, while NKD2 and 
NKDcore motifs were not significant (Table 4; Supplemental Dataset 3). BCS enrichment 
controls consisted of three 'shuffle motifs' each for NKD1 and NKD2 generated by randomly 
rearranging bases in the BCSs. Enrichment was not detected for any of the ‘shuffle motifs’, 
indicating that the enrichment of the NKD motifs was specific (Supplemental Figure 11).  
 
Predicted direct target genes are enriched for storage proteins  
To determine pathways directly transcriptionally regulated by NKD1 and NKD2, a GO 
enrichment analysis was performed by comparing occurrences of GO terms among predicted 
direct target genes to the endosperm-expressed genes. For NKD2 AL, GO enrichment was 
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observed for nutrient reservoir activity (storage proteins), starch biosynthesis, nucleosome and 
chromatin regulation, and processes related to plastids, vacuoles, and microtubules (Table 5; 
Supplemental Dataset 4). For NKDCore AL, GO enrichment was detected for nutrient reservoir 
activity (Table 5; Supplemental Dataset 4).  
 
Table 5. Enriched GO Terms in Aleurone Direct Target Genes 
The number of each GO term occurrence in differentially expressed (DE) aleurone (AL) genes with a motif in proximal 
promoter region and in RNAseq AL detected (Transcriptome) genes was determined. GO enrichment in DE genes with a 
motif was assessed relative to the transcriptome. GO enrichment was not detected for NKD1 AL direct target genes. See 
Supplemental Datasets 3 and 4 for further details.  
NKD2       
GO term Ontology Description DE AL1 AL Trans.2 p-value3 FDR4 
GO:0045735 F nutrient reservoir activity 22 56 2.80E-18 1.70E-15 
GO:0032993 C protein-DNA complex 14 106 1.30E-05 0.0059 
GO:0000786 C nucleosome 13 101 3.40E-05 0.0077 
GO:0034728 P nucleosome organization 14 107 1.40E-05 0.0085 
GO:0006334 P nucleosome assembly 14 107 1.40E-05 0.0085 
GO:0031497 P chromatin assembly 14 109 1.80E-05 0.0085 
GO:0065004 P protein-DNA complex assembly 14 110 2.00E-05 0.0085 
GO:0006333 P chromatin assembly or disassembly 14 111 2.20E-05 0.0085 
GO:0006323 P DNA packaging 14 115 3.20E-05 0.011 
GO:0071103 P DNA conformation change 16 152 5.70E-05 0.016 
GO:0009536 C plastid 104 2144 0.00026 0.029 
GO:0000785 C chromatin 13 122 0.00024 0.029 
GO:0046982 F protein heterodimerization activity 15 148 0.00014 0.044 
GO:0044427 C chromosomal part 15 173 0.00077 0.07 
GO:0009507 C chloroplast 96 2036 0.00095 0.072 
GO:0005773 C vacuole 45 818 0.0011 0.072 
GO:0005694 C chromosome 17 230 0.0021 0.12 
GO:0019252 P starch biosynthetic process 5 21 0.00053 0.13 
GO:0050660 F FAD binding 13 135 0.00063 0.13 
GO:0044435 C plastid part 57 1142 0.0025 0.13 
GO:0003774 F motor activity 10 95 0.0013 0.16 
GO:0003777 F microtubule motor activity 9 79 0.0013 0.16 
GO:0005875 C microtubule associated complex 9 92 0.0037 0.17 
GO:0009579 C thylakoid 29 513 0.0049 0.17 
GO:0044434 C chloroplast part 55 1125 0.0044 0.17 
GO:0015630 C microtubule cytoskeleton 14 189 0.0048 0.17 
GO:0044422 C organelle part 135 3190 0.0058 0.18 
GO:0044446 C intracellular organelle part 135 3187 0.0056 0.18 
GO:0004553 F hydrolase activity, hydrolyzing O-glycosyl 
compounds 
24 371 0.0019 0.19 
NKD       
GO:0045735 F nutrient reservoir activity 21 56 6.50E-19 3.50E-16 
1 Number of putative direct target genes expressed in the aleurone associated with each GO term. 
2 Total number of genes in each GO category expressed in the aleurone transcriptome.  
3 Fisher’s exact test for GO term enrichment. 
4 False discovery rate. 
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GO enrichment was not detected for NKD1 AL target genes. In the SE, GO enrichment was 
detected for NKD1 target genes functioning in external encapsulating structure, cell wall and 
apoplast (Table 6; Supplemental Dataset 4). For NKD2 SE, GO enrichment was detected for 
genes in nutrient reservoir activity, cell wall, and plastid related ontologies (Table 6; 
Supplemental Dataset 4). GO enrichment was detected for NKDcore SE genes functioning in cell 
wall and external encapsulating structure (Table 6; Supplemental Dataset 4).  
 
Table 6. Enriched GO Terms in Starchy Endosperm Direct Target Genes 
The number of each GO term occurrence in differentially expressed (DE) starchy endosperm (SE) genes with a 
motif in proximal promoter region and in RNAseq SE detected (Transcriptome) genes was determined. GO 
enrichment in DE genes with a motif was assessed relative to the transcriptome. See Supplemental Datasets 3 
and 4 for further details.  
NKD1       
       GO term Ontology Description DE SE1 SE Trans.2 p-value3 FDR4 
GO:0030312 C external encapsulating structure 12 596 0.0011 0.12 
GO:0005618 C cell wall 12 579 0.00084 0.12 
GO:0048046 C apoplast 8 324 0.002 0.14 
NKD2       
GO:0009536 C plastid 118 2128 2.40E-06 0.0012 
GO:0045735 F nutrient reservoir activity 12 67 3.10E-06 0.0021 
GO:0009507 C chloroplast 107 2023 3.80E-05 0.0097 
GO:0044435 C plastid part 63 1128 0.00027 0.046 
GO:0005618 C cell wall 36 579 0.00075 0.082 
GO:0044434 C chloroplast part 60 1111 0.00081 0.082 
GO:0030312 C external encapsulating structure 36 596 0.0012 0.1 
NKD       
GO:0005618 C cell wall 27 579 0.00053 0.15 
GO:0030312 C external encapsulating structure 27 596 0.00081 0.15 
1 Number of putative direct target genes expressed in the starchy endosperm associated with each GO term. 
2 Total number of genes in each GO category expressed in the starchy endosperm transcriptome.  
3 Fisher’s exact test for GO term enrichment. 
4 False discovery rate. 
 
NKD1 and NKD2 proteins dimerize via the ID domain 
To determine if NKD1 and NKD2 can dimerize as shown for other IDD protein family 
members (Seo et al., 2011b; Yoshida et al., 2014), bimolecular florescence complementation 
(BiFC) and pull-down assays were performed. For BiFC, the N- or C-terminal portion of the 
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YFP protein was fused to the C-termini of the NKD1 and NKD2 proteins. Both full-length 
NKD1 and NKD2 proteins as well as truncated proteins containing only the ID domains were 
tested. Constructs were biolistically introduced into onion epidermal cells with a 35S:mCherry 
construct co-bombarded to identify transiently transformed cells. For the full-length constructs, 
reconstituted YFP florescence was detected, indicating homodimerization of NKD1 and NKD2, 
as well as heterodimerization between NKD1 and NKD2 (Figure 6A). Likewise for the ID 
domain truncations, NKD1ID and NKD2ID could homo- and heterodimerize (Supplemental 
Figure 12). Control bombardments consisting of combinations of NKD full length-nYFP+ empty 
vector cYFP or NKD full length-cYFP+ empty vector nYFP did not produce YFP fluorescence 
indicating that YFP reconstitution was dependent on interactions among the NKD1 and NKD2 
proteins (Figure 6 and Supplemental Figure 12).  
Pull-down assays were performed on NKD1 and NKD2 full-length and ID domain 
proteins expressed in E. coli cells with a C-terminal 6x His-tag or a N-terminal GST-tag. Co-pull 
downs were performed by mixing lysates of NKD-6x His and GST-NKD proteins, precipitating 
protein complexes using Ni resin for 6x His and immunoblotting with GST antibodies, or 
precipitating with Glutathione Sepharose for GST tags and immunoblotting with 6x His 
antibodies. Co-precipitation was observed in all combinations of NKD1 and NKD2 full-length 
proteins, but not with the empty vector controls (Figure 6B; Supplemental Figure 13). Likewise, 
for the ID domain truncated protein constructs, co-precipitation was observed for all NKD1ID    
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Figure 6. NKD1 and NKD2 Protein BiFC and Co-Pull Down  
(A) Transient bimolecular fluorescence complementation (BiFC) assays in onion epidermal 
cells for full-length NKD1 and NKD2 proteins. Vectors used for each BiFC assay are listed 
to the left of each row. Arrows designate nuclei viewed under differential interference 
contrast (DIC). mCherry florescence marks transient cells transformation and YFP 
florescence indicates a positive protein-protein interaction. Control bombardments 
containing NYFP + NKD1-CYFP or NKD2-NYFP + CYFP did not produce YFP 
fluorescence. Size bars = 100 m. Additional controls are shown in Supplemental Figure 12. 
(B) and (C) Co-pulldown immunoblots for full-length NKD1 and NKD2 proteins (B) and 
NKD1-ID and NKD2-ID proteins (C). Affinity column and antibody (Ab) used for each 
assay are indicated at the top of each panel. Total soluble bacterial lysates (inp) were 
immunoblotted as a positive control for protein expression.  
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and NKD2ID combinations (Figure 6C; Supplemental Figure 13). Thus, NKD1 and NKD2 
homo- and heterodimerize, and these interactions are mediated by residues in the ID domain.   
 
NKD1 and NKD2 function as transcription factors  
To test the transcriptional regulatory activity of NKD1 and NKD2, transcription assays 
were designed using the promoter regions of select predicted direct targets of NKD1 and NKD2. 
Reporter constructs contained the promoters of interest cloned upstream of the firefly luciferase 
(LUC) coding sequence. Promoter regions tested included xylanase inhibitor protein 1 (zmX1P-
1pro:LUC), opaque2 (o2pro:LUC), 22KD zein protein 22.1 (zp22.1pro:LUC), nkd1 (nkd1pro:LUC), 
viviparous1 (vp1pro:LUC), jasmonate induced protein (JIPpro:LUC), mother of FT-like 
(MTFpro:LUC) and WRKY transcription factor 29 (wrky29pro:LUC). Effector constructs 
contained the NKD1 or NKD2 cDNAs under the regulation of the cauliflower mosaic virus 35S 
promoter (35Spro:NKD1, 35Spro:NKD2). The empty effector vector (35Spro:null) was used as a 
control. A 35S promoter:Renilla luciferase construct (35Spro:RLUC) served as the internal 
normalization standard. The reporter, effector, and normalization constructs were co-introduced 
into protoplasts of nkd1-Ds; nkd2-Ds0297 mutant endosperms using PEG-calcium transfection. 
Transcriptional activity for each effector and test promoter construct pair was determined by 
comparing the firefly/renilla luminescence ratio to the 35Spro:null effector. Transcriptional 
activation was detected for the NKD1 effector from the zmX1P-1pro (p<0.0001), o2pro (p=0.0409) 
and vp1pro reporter constructs (p= 0.038; Figure 7B). No significant transcriptional regulation 
was observed for NKD1 effector from the zp22.1pro or nkd1pro reporters (p=0.3368, p=0.1008, 
respectively; Figure 7B). Transcriptional activation was detected for the NKD2 effector from the 
zmX1P-1pro (p=0.0009), o2pro (p=0.0025), zp22.1pro (p=0.0014), and the vp1pro reporters  
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(p=0.0317, Figure 7B). Transcriptional repression was detected for NKD2 effector from the 
nkd1pro reporter (p=0.0140, Figure 7B). No significant transcriptional activation or repression 
was detected for NKD1 or NKD2 from the JIPpro, MTFpro or wrky29pro reporters (p>0.05).  
 
 
Figure 7. NKD1 and NKD2 Transcription Assays  
(A) Schematic of constructs transfected into aleurone protoplasts for transient reporter assays 
of NKD1 and NKD2 transregulatory activity on selected direct target promoters. Effector, 
reporter and normalization constructs were cotransfected. The Null construct was substituted 
for the effector construct as a negative control. See Supplemental Table 14 for details on 
promoters used for each reporter construct.  
(B) Relative luciferase activities. Reporter activity (Firefly LUC) is shown in proportion to 
the normalization standard (Renilla LUC). Error bars represent standard errors of the means 
for three biological replicates. Reporter and effector constructs used for each assay are listed. 
* designates statistically significant difference (p=0.05, Student’s t-test) relative to control 
(35Spro:null) or between NKD1 (35Spro:NKD1) and NKD2 (35Spro:NKD2) effectors. 
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The relative luciferase ratios for each reporter were compared between NKD1 and NKD2 
effectors. NKD1 showed significantly higher activity from the zmX1P-1pro (p≤0.001) and o2pro 
(p=0.048) reporters, while NKD2 transcriptional activities were higher for zp22.1pro (p≤0.001) 
and vp1pro (p= 0.020) reporters. For the nkd1pro (p=0.025) reporter, NKD2 effector repressed 
activity while activation by NKD1 was not statistically significant (Figure 7B). These results 
suggest possible functional differences between NKD1 and NKD2 transcriptional activities, 
consistent with observed differences in DNA binding specificities (Figure 5; Supplemental 
Figure 8). Overall, these results were consistent with direct target gene predictions and 
confirmed NKD1 and NKD2 function to regulate gene transcription. To test whether NKD1 and 
NKD2 require their BCS to regulate transcription, a mutant vp1 promoter construct (vp1-
mutpro:LUC), was cloned with the thymine in the 7
th position of the second NKDcore BCS 
substituted with a cytosine (TTGTCGT to TTGTCGC). This substitution abrogated binding in 
EMSAs (Figure 5D and 5F). Transcriptional activation of the vp1-mutpro:LUC reporter construct 
was not detected for NKD1 effector (p=0.3120; Figure 8B), while NKD2 was still able to 
activate transcription (p=0.0377). The level of vp1-mutpro reporter activity was decreased 
compared to WT vp1pro for both NKD1 and NKD2 effectors (p=0.0139, p=0.0437, respectively). 
Also, transcriptional activity from the vp1-mutpro reporter was significantly different between 
NKD1 and NKD2 effectors (p=0.007). These results demonstrate that NKD1 and NKD2 
transcriptional activity is mediated by binding to their BCS in the promoter regions of target 
53 
 
genes, validates the bioinformatic predictions of NKD direct target genes, and further indicate 
NKD1 and NKD2 have differences in transcriptional activity.  
 
Figure 8. A NKD Binding Motif is Required for Transcriptional Activation  
(A) Reporter constructs used to test the requirement of a NKD binding site for transcriptional 
activation of the vp1 promoter by NKD1 and NKD2. The mutant vp1 promoter construct 
(vp1-mutpro:LUC) was cloned with the thymine in the 7th position of the second NKDcore 
BCS in the vp1pro:LUC construct substituted with a cytosine (TTGTCGT to TTGTCGC).  
(B) Activities of NKD1 and NKD2 on expression of WT and mutant vp1 promoter constructs. 
Reporter and effector constructs are listed. Error bars represent standard errors of the means. * 
designates statistically significant (p=0.05, Student’s t-test) difference relative to control 
(35Spro:null) or between NKD1 and NKD2 effectors. 
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Discussion 
 
Functions of NKD1 and NKD2 in developing endosperm 
In this study, we revealed the functions of the NKD1 and NKD2 transcription factors in 
maize endosperm development by analyzing the AL and SE transcriptomes of WT compared to 
nkd1 nkd2 double mutant. Previous genetic analysis indicated that nkd1 and nkd2 are largely 
redundant with nkd1 single mutants, producing a mild opaque phenotype and no discernable 
nkd2 mutant phenotype (Yi et al., 2015). Therefore, we chose to focus on the double mutant for 
this study. Pathway analyses showed NKD1 and NKD2 are regulators of diverse biological 
processes including cell growth, division and differentiation, hormone metabolism and signaling, 
resource reserve deposition, and seed maturation. These results were largely consistent with the 
nkd1 nkd2 mutant’s pleiotropic endosperm phenotype (Becraft and Asuncion-Crabb, 2000; Yi et 
al., 2015) which provides biological validity to the transcriptomic and bioinformatic analyses.   
NKD1 and NKD2 are required to restrict AL to a single cell layer and to promote AL cell 
identity (Becraft and Asuncion-Crabb, 2000; Yi et al., 2015). Consistent with these functions, 
NKD1 and NKD2 were found to regulate genes associated with cell cycle, cell growth and 
division. NKD1 and NKD2 are predicted to be direct transcriptional repressors of 
retinoblastoma-related1 and mitotic cyclin 3B-like (Figure 2; Supplemental Datasets 1, 2 and 3). 
The defective kernel1 (dek1) gene is required for aleurone differentiation (Becraft et al., 2002; 
Lid et al., 2002) and regulates cell wall orientation and cell division plane via the regulation of 
cell cycle (Liang et al., 2015). These results suggest the regulation of cell division is important 
for aleurone development and that the multiple peripheral cell layers in the nkd1 nkd2 mutant 
may result in part from the misregulation of cell proliferation genes.  
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Grain weight of nkd1 nkd2 mutants was decreased compared to WT, which is likely 
related to NKD1 and NKD2 functions in multiple aspects of resource reserve deposition 
including starch and storage protein accumulation. Starch is the major product for grain yield, 
and starch structure can greatly affect physical properties that influence end use. The nkd1 nkd2 
mutant endosperm displayed a reduction in total starch abundance as well as altered glucan chain 
length distribution. Decreased starch accumulation is consistent with decreased expression of 
starch biosynthetic genes (Table 3; Figure 2). Notably, transcript levels of shrunken-2 (sh2) and 
brittle-2 (bt2) were both decreased (Figure 2); these genes encode subunits of ADP-glucose 
pyrophosphorylase, which catalyzes a rate-limiting step in starch biosynthesis (Tuncel and Okita, 
2013). Other key starch biosynthetic genes showing decreased transcript abundance included 
sucrose synthase2, waxy1, starch synthase1 (ss1) and sugary2 (su2) (Figure 2). Likewise, altered 
glucan chain length distribution (Figure 3B) could result from decreased expression of amylose-
extender1 (ae1), which encodes starch branching enzyme IIb (BEIIb) (Nishi et al., 2001), and ss1 
and su2 genes, which catalyze glucan chain elongation.  Direct target analysis predicted that 
NKD1 and NDK2 are direct transcriptional activators of ss1, su1 and wx1 (Supplemental Dataset 
3).  
The nkd1 nkd2 mutant starch granules showed irregular morphology that could not be 
obviously attributed to specific genes (Figures 2, 3C and 3D). While WT starch granules are 
nearly spherical, mutants showed a mild faceting somewhat reminiscent of other starch mutants 
like opaque5 or various starch branching mutants (Myers et al., 2011; Zhao et al., 2015). The 
pitted surface of nkd1 nkd2 mutant starch granules resembled starch grains subjected to amylase 
digestion (Dhital et al., 2014). Given the propensity for vivipary in nkd1 nkd2 mutant kernels and 
decreased ABA signaling, it is possible that amylase expression is prematurely activated (Yi et 
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al., 2015). Also, the irregular hollow core of nkd1 nkd2 mutant starch granules is fascinating, and 
it is unclear whether this might be caused by internal amylase digestion or whether this reflects 
aberrant starch grain initiation.  
Pathway analyses indicated that NKD1 and NKD2 promote storage protein accumulation, 
both directly and indirectly, consistent with decreased storage protein content in the nkd1 nkd2 
mutant. NKD2 activated transcription from the 22KD zein protein 22.1 promoter (Figure 7B), 
while NKD1 and NKD2 both activated transcription of the o2 promoter. Furthermore, prolamin 
binding factor1 (pbf1) is a predicted direct target of NKD1 and NKD2. O2 and PBF1 are TFs 
both well known to promote expression of zein storage protein genes (Zhang et al., 2015; Zhang 
et al., 2016). The FL2-RFP and GLB3-RFP transgenes showed decreased expression in nkd1 
nkd2 mutant endosperm corroborating the positive regulation of storage protein gene expression 
by NKD1 and NKD2 (Table 3, 5 and 6; Figure 4A and 4B).  
NKD1 and NKD2 promote carotenoid accumulation because mutant endosperm is pale 
yellow, sometimes almost white. While carotenoid biosynthesis did not meet the pathway 
criterion of having at least 3 DE genes, 2 key genes showed decreased expression in the mutant; 
yellow endosperm1 (y1) encodes phytoene synthase and viviparous5 (vp5) encodes phytoene 
desaturase (Buckner et al., 1996; Hable et al., 1998). Both represent rate-limiting steps in 
carotenoid biosynthesis and mutations in either gene cause carotenoid deficiency. Carotenoids 
are precursors for ABA biosynthesis, so this is also likely to contribute to the vivipary 
phenotype. Additionally, the nkd1 nkd2 mutant showed decreased expression of aldehyde 
oxidase1 and 2 genes encoding enzymes that catalyze the final step in ABA synthesis (Seo et al., 
2000), which is also consistent with vivipary and the decreased expression of ABA response 
pathways (Figure 2; Supplemental Datasets 1 and 2).  
57 
 
The nkd1 nkd2 mutant was originally identified based on its anthocyanin-deficient 
phenotype (Becraft and Asuncion-Crabb, 2000), and our analysis suggests the regulation of 
anthocyanin biosynthesis is indirect. The colored1 (r1) and colored aleurone1 (c1) genes encode 
transcription factors that together activate expression of anthocyanin biosynthetic genes, and 
VP1 is a transcriptional activator of c1 (Cone, 2007). NKD1 and NKD2 directly activate vp1 
transcription and are predicted to directly activate r1 (Figure 7B; Supplemental Datasets 1, 2 and 
3).  
A phenotype we have not systematically evaluated is the proclivity of nkd1 nkd2 mutant 
kernels to develop fungal infections. It is unclear whether this is a direct mutant defect or an 
indirect effect caused by soft texture or impaired seed maturation. However, the defense 
response pathway showed decreased activity in the nkd1 nkd2 mutant endosperm (Supplemental 
Figures 2 and 3) and genome-wide promoter scan analysis suggests NKD1 and NKD2 are direct 
positive regulators of defense responses (Supplemental Datasets 1, 2 and 3). The aleurone is the 
outermost cell layer of the endosperm and the only cell type alive at maturity; thus, it is 
fundamentally important for defense to pathogens (Jerkovic et al., 2010). Among predicted direct 
targets was xylanase inhibitor protein-1 (XIP-1), which is involved in fungal defense (Moscetti 
et al., 2013) and whose promoter showed transcriptional activation by NKD1 and NKD2 (Figure 
7B). These results implicate NKD1 and NKD2 as potentially having a direct regulatory role in 
mediating defense. 
 
NKD1 and NKD2 are key regulators of endosperm gene expression  
NKD1 and NKD2 regulate widespread gene expression in developing endosperm and 
direct target analysis revealed approximately 6% of maize gene promoters contain a NKDcore 
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BCS. 80 DE genes in AL and 86 in SE were TF-related, with 36 and 33, respectively, predicted 
as direct NKD targets (Figure 2; Supplemental Datasets 1 to 4). Additionally, epigenetic 
regulation was enriched in GO terms of DE genes. Taken together, NKD1 and NKD2 appear to 
function as central regulators in the gene networks governing multiple aspects of maize 
endosperm development. 
Several key TFs were shown or predicted to be direct targets of NKD regulation, 
including O2, PBF1, VP1 and R1. O2 is an important promoter of zein storage protein gene 
expression, significant for its importance in quality protein maize with enhanced lysine content 
(Gibbon and Larkins, 2005). PBF1 is a Dof TF that also promotes expression of storage protein 
genes (Marzábal et al., 2008). O2 binds a DNA motif known as GCN4 while PBF1 binds the 
prolamin box. These motifs are frequently combined into a bifactorial ‘endosperm box’ 
conserved among storage protein genes in all cereals (Marzábal et al., 1998). Recent analyses 
showed O2 and PBF1 also function broadly, controlling multiple classes of zeins, as well genes 
involved in carbon and nitrogen metabolism, pathogen and stress responses, as well as other TFs 
(Li et al., 2015; Zhang et al., 2016). Comparison of the direct target genes of O2 with NKD1 and 
NKD2 revealed 23 genes related to resource reserve deposition in common (Supplemental 
Tables 5 and 6). Furthermore, GO terms associated with protein synthesis and storage were 
overrepresented in both NKD and O2 regulated genes (Supplemental Tables 7 and 8), suggesting 
O2, NKD1 and NKD2 may function together to regulate storage protein accumulation. VP1 
(ABI3 ortholog) is a B3 TF required for ABA responses to promote seed maturation and inhibit 
germination (Suzuki et al., 2003). As mentioned, VP1 is also required for anthocyanin 
accumulation in the aleurone via its transcriptional activation of the c1 gene, which encodes a 
myb TF (Cone, 2007). C1 heterodimerizes with R1, a bHLH TF, to activate expression of 
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structural genes in anthocyanin biosynthesis (Cone, 2007). The r1 gene is also predicted to be 
directly regulated by NKD1 and NKD2. The c1 and r1 genes are historically important in early 
genetic studies by McClintock and others.  
It was previously reported that the nkd genes were subject to feedback regulation because 
nkd1 transcript levels increased in a nkd2 single mutant and vice versa (Yi et al., 2015). Here we 
showed that NKD2 repressed expression of the nkd1 gene promoter; thus, the observed feedback 
appears to be due to direct transregulation between the nkd1 and nkd2 duplicate factors.  
The nkd1 and nkd2 genes were recently shown to be direct targets of transcriptional activation by 
DOF3 (Qi et al., 2016), hereafter referred to as DOF36 (GRMZM2G137502) in accordance with 
NCBI and MaizeGDB annotations. RNAi knockdown of dof36 generated similar effects as the 
nkd1 nkd2 double mutant including abnormal starch deposition and multiple layers of 
compromised aleurone cells. Some of the same genes involved in sugar and starch metabolism 
were identified as direct (and indirect) targets for DOF36 as for NKD1 and NKD2. Interestingly, 
dof36 transcript shows decreased expression in nkd1 nkd2 mutant (Supplemental Dataset 1), 
although it was not identified as a direct target. This indicates dof36 belongs to the same GRN as 
nkd1 and nkd2, and that dof36 expression is reinforced by feedback, albeit indirect, from nkd 
genes.  
 
Functions of NKD1, NKD2 and other IDD family members 
NKD1 and NKD2 bind DNA and regulate transcription via a consensus motif 
(TTGTCGT) similar to the ID1 binding site (TTTGTCGTTTT) although shorter (Kozaki et al., 
2004). Despite 97% amino acid identity (118 of 122 residues) between their ID domains, NKD1 
and NKD2 showed differences in their DNA-binding and transcriptional regulation activities. 
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Mutation of position 1 in the NKDcore motif to C decreased binding by NKD1 but abolished 
NKD2 binding, whereas mutation of position 7 to C abolished NKD1 binding but NKD2 could 
still bind (Figure 5). In transcription assays, NKD1 showed higher activity than NKD2 on the 
XIP-1 and o2 promoters, whereas NKD2 showed greater activation of vp1 and zp22.1 promoters 
(Figure 7). On the nkd1 promoter, NKD2 repressed transcription, whereas NKD1 activated, 
though not statistically significant. Whether these functional differences relate to differences in 
DNA binding activity or interactions with unknown cofactors remains to be explored, as do the 
functional differences between NKD1 and NKD2 on a genome-wide scale. These differences 
indicate that NKD1 and NKD2 are not completely redundant at the molecular level and that they 
have undergone subfunctionalization since the most recent maize genome duplication event that 
generated these loci. 
Different IDD protein family members function directly as DNA-binding transcriptional 
regulators, indirectly as co-factors for other transcription factors, or both. DELLA proteins, such 
as Arabidopsis RGA1, are GRAS family TFs that regulate gene expression in response to GA 
signalling, among other things. RGA1 activates transcription of SCARECROW-LIKE3 (SCL3) 
via interaction with any of 5 IDD proteins, AtIDD3, -4, -5, -9, and -10. The IDD proteins bind 
DNA and function as scaffolds for the DELLA proteins, which lack intrinsic DNA binding 
activity (Yoshida et al., 2014; Yoshida and Ueguchi-Tanaka, 2014). SCL3 is another GRAS 
protein that interacts with the IDD proteins to competitively inhibit the binding and action of 
RGA1. This provides feedback to modulate gene expression responses to GA signalling. 
Similarly, the IDD protein JACKDAW (JKD) regulates transcription of SCARECROW (SCR) in 
Arabidopsis root development. JKD activity is enhanced by the GRAS protein SHORTROOT 
(SHR), as well as by the target gene product, SCR, another GRAS protein (Ogasawara et al., 
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2011). Further, the activity of JKD is also modulated by interactions with other IDD proteins, 
MAGPIE and BALDIBIS (Long et al., 2015; Ogasawara et al., 2011). In addition to modulating 
transcriptional activity of this complex, these interactions prevented intercellular trafficking of 
the mobile protein SHR. 
We found NKD1 and NKD2 could each homodimerize as well as heterodimerize with 
one another. The functional significance of this is unknown and we do not yet know whether 
they can dimerize with other IDD family members. Arabidopsis IDD14 also homo- and 
heterodimerizes, and this dimerization modulates function (Seo et al., 2011b). Under standard 
laboratory temperatures, IDD14 binds DNA and regulates transcription of target genes, but 
under cold temperatures the IDD14 gene produces an alternatively spliced transcript that encodes 
a product, IDD14, that lacks the DNA- binding domain. IDD14 can heterodimerize with 
IDD14 and decreases DNA binding activity. 
IDD gene family members are implicated in many biological functions including the 
regulation of carbohydrate metabolism, gravitropism, seed germination, lateral organ 
morphogenesis, cellular patterning, flowering time and hormone signaling (Morita et al., 2006; 
Welch et al., 2007; Tanimoto et al., 2008; Hassan et al., 2010; Feurtado et al., 2011; Ogasawara 
et al., 2011; Seo et al., 2011a; Cui et al., 2013; Wu et al., 2013; Yoshida et al., 2014; Yoshida 
and Ueguchi-Tanaka, 2014; Jost et al., 2016). It is striking how many similar processes are 
regulated by the nkd genes during seed development. For example, Arabidopsis IDD8 and 
IDD14 transcriptionally regulate carbohydrate metabolism and starch accumulation by 
modulating expression of some of the same target genes as NKD1 and NKD2, such as ss1 (Seo 
et al., 2011b; Seo et al., 2011a) (Figures 2, 3 and 4A). 
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An intriguing functional analogy is with IDD proteins (a.k.a. BIRD proteins) in 
Arabidopsis root development. Four IDD proteins, JKD, BALDIBIS (BIB), NUTCRACKER 
(NUC) and MAGPIE, have overlapping functions in the specification of the cortical cell layer, 
and jkd bib double mutants contained extra layers of cells with indistinct identity (Ogasawara et 
al., 2011; Long et al., 2015). The normal pattern of cell division is mediated in part through the 
transcriptional repression of the CYCLIND6 gene (Sozzani et al., 2010; Long et al., 2015). 
Similarly, in nkd1 nkd2 mutants of maize, the normally single layer of aleurone cells is replaced 
by multiple layers of cells with compromised identity. Further, scarecrow-like1 (scl1) is 
predicted to be directly activated by NKD1 and NKD2, while the cell cycle-related genes 
retinoblastoma-related1 and mitotic cyclin 3B-like are predicted to be negatively regulated by 
NKD1 and NKD2 (Figure 2; Supplemental Dataset 3). Future work will seek to resolve potential 
mechanistic conservation among these processes. 
 
Materials and Methods 
 
Plant materials 
Plants were grown in the field at Iowa State University experimental farms near Ames, 
Iowa for RNA isolation and quantitative RT-PCR and for analysis of kernel composition, starch 
structure and morphology and expression of transgenic fluorescent markers (FL2-RFP, GLB3-
RFP, RAB17-YFP), Protoplast isolation was performed on developing endosperm from plants 
grown in the greenhouse at 28oC under natural lighting, supplemented with high-intensity 
sodium halide lamps for 16 hours.  
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The nkd1-R and nkd2-R alleles and all the fluorescent marker transgenes were 
backcrossed into the B73 inbred background at least 4 generations and B73 served as the WT 
control. The nkd1-Ds and nkd2-Ds0297 alleles arose and were maintained in a W22 background 
and W22 was used for the WT control.  
 
LCM-RNAseq maize v3 transcriptome assembly and DE analyses 
The LCM-RNAseq was previously reported and involved isolation of RNA from 3 
biological replicates of AL and SE cells from B73 WT and nkd1 nkd2 mutant kernels (Yi et al., 
2015). The RNAseq reads were aligned to maize reference genome B73 V3 assembly (AGPv3) 
using Tophat 2 (version 2.1.0; http://ccb.jhu.edu/software/tophat/index.shtml) with default 
settings. The sequence aligned files (SAM/BAM format) were analyzed using coverageBed in 
the BEDTools package; (Quinlan and Hall, 2010) for coverage of transcript models reported in 
the filtered gene set (Zea_mays.AGPv3.28.gff3.gz) to generate an integer count of transcript data 
for each sample. Differentially expressed genes (DEGs) were identified using DESeq2 (Love et 
al., 2014) at an adjusted P value cut off of 0.01. MA plots were generated using the M (log 
intensity ratios or fold change) values against the A (mean average or mean normalized read 
count between the two samples). Multidimensional scaling (MDS) analysis was performed to 
assess the relative similarity in the sample data, wherein the information contained in the DE 
datasets was transformed into distance matrices in two dimensions.  The number of genes 
expressed in any endosperm cell type was computed based on the presence of a detected read in 
any one of the replicates. The ‘Genesect’ web analysis tool (Katari et al., 2010) was used for 
testing the statistical significance of overlap between two DE data sets. 
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RNA isolation and quantitative RT-PCR  
Aleurone was hand dissected from 15 DAP endosperms and tissues collected from 10 
kernels off the same cob were pooled to constitute one biological replicate. Three replicates were 
sampled from independent cobs for each genotype, WT and homozygous nkd1-R nkd2-R mutant. 
Total RNA was extracted as described (Wang et al., 2012). Samples of 12 DAP pooled BETL 
enriched endosperm was also collected from three independent cobs and RNAs extracted from 5 
pooled kernels from the same cob constituted a single biological replicate. For BETL qRT-PCR, 
samples were enriched for BETL by endosperm dissecting the approximately 1/3 basal end of 
each kernel. The RNA samples were subjected to DNAase treatment using RQ1 RNase-free 
DNase (Promega) and 2µg of RNA was reverse transcribed to cDNA with SuperScript™ III 
Reverse Transcriptase (Invitrogen) using the manufacturer’s protocol. The ‘PrimerQuest Tool’® 
(http://www.idtdna.com/Primerquest/Home/Index) was used to design gene specific RT-PCR 
primers corresponding to coding region that spans an intron, overlaps an intron-exon junction, or 
in some instances including 3’ untranslated regions. Supplemental Table 9 shows the gene- 
specific primer sequences and the respective amplicon sizes. 
Quantitative RT-PCR was performed using iQ SYBR Green Master Mix (BioRad) on an 
Applied Biosystems StepOnePlusTM Real-Time PCR System with 250nM of gene-specific 
primers and cDNA template. The thermal cycle applied was 95°C for 10min, 40 cycles of 95°C 
for 30s, 58°C for 30s, 72°C for 30s, followed by dissociation curve analysis. Melting curves of 
samples were examined for the absence of multiple peaks/non-specific amplification and those of 
non-template control samples were checked for possible primer dimers. Threshold cycle (CT) 
was automatically calculated for each reaction using the StepOnePlus qRT-PCR machine default 
parameters. Data were normalized to the expression level of transcript for UBIQUITIN 
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CONJUGATING ENZYME (GRMZM2G132759 for AL qRT and GRMZM2G027378 for 
BETL qRT), and fold changes in nkd1 nkd2 mutant were computed relative to the WT control 
using the comparative threshold cycle (2^-ΔCT) method (Livak and Schmittgen, 2001). 
 
Construction of GST-tag and 6x His expression vectors 
The glutathione S-transferase (GST)-Tag, and 6x histidine (His) NKD1 and NKD2 
fusion proteins were constructed by cloning the full-length coding sequences (CDS) or ID 
domains into pGEX-4T (GE Healthcare Life Sciences) and pET-34b (Novagen) respectively 
using primers listed in Supplemental Table 10. Protein expression constructs were transformed 
into ORIGAMI (NOVAGEN) or BL21 (Promega) chemically competent cells. Protein 
expression was induced with IPTG and NKD-GST or NKD-6xHis were purified using 
Glutathione Sepharose 4B (GE Healthcare) or HIS-Select HF Nickel Affinity Gel resins (Sigma 
P6611), respectively, according to the manufacturer’s instructions. Fusion protein identity was 
confirmed by immunoblotting with GST antibody (Thermofisher MA4-004-HRP) and His 
antibody (Thermofisher MA1-21315-HRP) and by QSTAR MS/MS (Supplemental Figure 7). 
 
Selection and amplification binding (SAAB) 
SAAB was performed using purified NKD1ID-GST and NKD2ID-GST fusion proteins 
as described (Kozaki et al., 2004) with the following alterations: the library of randomly 
synthesized dsDNA was generated via Klenow fill-in reaction of a single stranded oligo library. 
Oligos had 5’ flanking sequence cagggtcgctggtacgaa and 3’ flanking sequence cgtaccagcgaccctg 
with 20 random bases in between (cagggtcgctggtacgaa[N20]ttcgtaccagcgaccctg). Forward 
(cagggtcgctggtacgaa) and reverse (cagggtcgctggtacgaa) primers were used to PCR amplify 
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selectant oligos after each round of selection. NKD1ID and NKD2ID GST proteins were 
purified as described above and were covalently cross-linked to active ester agarose Affi-Gel 10 
(BIO-RAD 1536099) following manufacturer’s instructions and loaded into columns (BioRad). 
The library of random oligos in binding buffer (described below) was passed over NKDID 
columns, washed, eluted and PCR amplified as previously described (Kozaki et al., 2004). After 
six cycles of selection and amplification, selectant oligo libraries were blunt end cloned into 
pGEM-T Easy (Promega) and sequenced. Primer sequences were trimmed and SAAB selected 
sequences were then analyzed for a recurring pattern (motif) with MEME-suit tool Multiple Em 
for Motif Elicitation (Bailey et al., 2015) using parameters previously described (Kozaki et al., 
2004).  
 
Electrophoretic mobility shift assays (EMSA)  
NKD1ID-GST, NKD2ID-GST and empty vector GST proteins were purified as 
described above. 5’ biotinylated oligos (Integrated DNA Technologies) and were made double 
stranded by annealing with reverse complement oligos listed in Supplemental Table 11. EMSA 
was performed as previously described (Kozaki et al., 2004) with the following alterations: 100 
ng of purified NKD1-GST, NKD2-GST, or empty vector GST fusion proteins were incubated in 
binding buffer (10 mMTris–HCl (pH 7.5), 75 mMNaCl, 1 mM DTT, 6% glycerol, 1% BSA, 1% 
Nonidet P‐40, poly[d(I,C)] and 10 µM ZnCl) with 50 fmol of 5’ biotin-labeled binding 
consensus sequence (BCS) or point mutated BCS variant oligos. Purified GST from induction of 
the empty vector served as a negative control for nonspecific interactions. After incubation on 
ice for 30 minutes, loading dye (without EDTA) was added and samples were loaded onto a 
10% native polyacrylamide gel and run in Tris-borate buffer (without EDTA) on ice. DNA and 
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DNA-protein complexes were transferred onto an ImmobilonNy+ membrane and UV cross 
linked. Biotin labeled oligos were detected with a LightShift™ Chemiluminescent EMSA Kit 
(Thermo Scientific 20148). Relative binding affinity for each oligo was determined by the 
intensity of the shifted oligo relative to unmutated BCS quantified with ImageJ.  
Competition EMSA was performed using the biotinylated WT BCS oligo with the addition of 
50, 100 and 500 fold excess (relative to labeled) non-biotinylated (unlabeled) WT or point 
mutant oligoes. Sequences are listed in Supplemental Table 11. Oligonucleotide probes were 
added to the binding reaction before the addition of NKD1ID-GST, NKD2ID-GST, or GST 
proteins.  
 
NKD motif enrichment analysis 
The DEG proximal promoter regions (PPRs) were searched for the presence of NKD1, 
NKD2, and NKDcore BCSs via the Meme Suite tool Find Individual Motif Occurrences (FIMO; 
http://meme-suite.org/tools/fimo) using NKD1, NKD2 SAAB-MEME derived BCS probability 
matrices and the NKDcore motif. PPR was defined as -600 bp upstream of the transcriptional 
start site (TSS) extending to the TSS, and PPR sequences were downloaded from GRAMENE 
BIOMART (http://ensembl.gramene.org/biomart/martview/, last assessed 1/3/2016). Motif 
enrichment was determined by comparing the number of genes in the AL or SE transcriptome 
with one or more motif in its PPR to the number of DE genes in nkd1 nkd2 mutant with one or 
more motif in its PPR by use of Fisher’s Exact Test. The AL and SE transcriptomes were defined 
as all genes detected in either B73 or nkd1 nkd2 mutant LCM RNAseq datasets with 1 or more 
read counts. To control for the specificity of NKD BCS enrichment, three shuffle control SAAB-
MEME BCS were generated for NKD1 and NKD2 from SAAB-MEME selected sequences 
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using the MEME Suit shuffle sequence option (http://meme-suite.org/tools/meme). Enrichment 
was determined as described above. Direct target GO enrichment was determined by comparing 
the number of GO terms in DE AL or SE genes with one or more motif in PPR to the number of 
GO terms in the in the AL or SE transcriptome via agriGO Singular Enrichment tool 
(http://bioinfo.cau.edu.cn/agriGO/, last assessed 6/14/16).  
 
Gene ontology (GO) enrichment and RNAseq pathway analysis 
GO term enrichment was determined by comparing the number of GO terms in DEGs to 
the number of GO terms in the endosperm transcriptomes via agriGO Singular Enrichment 
Analysis (SEA) tool with default parameters and a critical cutoff value of FDR≤0.2 (Genome 
version Zea mays AGPv3.30, http://bioinfo.cau.edu.cn/agriGO/, last access on 6/14/2016). The 
AL and SE transcriptomes were defined as all genes detected with 1 or more read counts in 
RNAseq. The AL transcriptome was compared to the AL DEGs and the SE transcriptome to the 
SE DEGs. Fisher exact test p-values were calculated by agriGO using default parameters. 
Pathway analysis was performed on DEGs using MaizeCyc, CornCyc, and gene ontology (GO) 
tools and databases (Monaco et al., 2013). Pathways with a significant cutoff value of 3 nodes 
were analyzed for up or down regulation by overlaying differentially expressed gene log2 fold 
change expression onto each pathway. For non-metabolic pathways, gene ontology was used 
with the maize sequence v3 ontologies (agriGO v3.3 http://bioinfo.cau.edu.cn/agriGO/, 
maizeGDB, http://www.maizegdb.org/).  Pathways were visualized using heatmaps generated by 
the R pheatmap program.  
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Epifluorescence microscopy 
The nkd-R alleles were crossed into GL3B-RFP, FL2-RFP, and RAB17-YFP transgenic 
lines (MAIZE CELLGENOMICS DATABASE, http://maize.jcvi.org). Transgenic individuals 
were selected by LIBERTY herbicide and self-pollinated to produce nkd-R segregating cobs. 
Mature kernels were harvested and sectioned using a Leica Vibratome or by hand. Three kernels 
each, from the same segregating cob, of WT and nkd-R within each transgenic line were viewed 
using an Olympus BX-60 microscope under brightfield or epiflorescence. Tissues were 
visualized by autofluorescence using a Chroma™ narrow violet (NV) filter (excitation 400–410 
nm, dichroic mirror and barrier filter, 455 nm). YFP was observed with a Chroma™ EYFP filter 
set (excitation 495 nm, dichroic barrier filter 515 nm, emission 540 nm) and mCherry was 
observed using a Chroma mCherry filter set (excitation 560 nm, dichroic barrier filter 600 nm, 
emission 635 nm). Micrography was performed with a Jenoptik C-5 camera and constant gain 
and exposure time settings were used for each filter set to compare expression of each respective 
transgene reporter protein in WT versus nkd1 nkd2 mutant kernels. Standard PCR genotyping of 
transgene and nkd1-R and nkd2-R alleles was performed using primers described (Yi et al., 
2015) to confirm kernel genotypes. 
 
Endosperm starch extraction, quantification and chain length distribution assay 
WT (W22) and nkd1-Ds; nkd2-Ds0297 kernels were collected from the same segregating 
ear, with six individual kernels of each genotype serving as biological replicates. Mature kernels 
were soaked in 0.45% (w/v) sodium metabisulfite at 50⁰C overnight. Pericarp and embryo were 
removed and the total endosperm starch was isolated. The extraction procedure (Dinges et al., 
2001) was modified as follows: the endosperm starch was washed with chilled deionized water 
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twice and with chilled 80% ethanol once, and centrifuged 3,000Xg at 4oC for 10 min after each 
liquid addition. The final pellet was dissolved in 100% dimethyl sulfoxide (DMSO) and boiled in 
water bath for 1 hour.  
To measure endosperm starch content, DMSO-dissolved starch was diluted 10-fold with 
amyloglucosidase buffer (0.1 m sodium acetate, ph 5, and 5 mm calcium chloride), and digested 
by amyloglucosidase (60 units/reaction, Megazyme E-AMGDF100), followed by incubation at 
50⁰C for 100 min, producing glucose. Glucose was measured by a GOPOD Assay Kit 
(Megazyme K-GLUC) following the manufacturer’s instructions to determine the weight of 
starch.  
For glucan chain length distribution, less than 1 mg of starch was precipitated in 5 
volumes of 100% ethanol at 4⁰C overnight, followed by centrifugation at 13,000Xg for 10 min. 
The pellet was re-solubilized in deionized water and pH was adjusted to 4.5 with 0.5 M sodium 
acetate. Starch was de-branched with 4 units of isoamylase (Megazyme E-ISAMY) at 42⁰C 
overnight. The chain length distribution of each sample was analyzed via Dionex HPAEC-PAD 
system (Thermo Fisher Scientific, Sunnyvale, CA) as described (Dinges et al., 2001). 
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Scanning electron microcopy  
For scanning electron microscopy (SEM), 6 WT and 6 nkd1 nkd2 mutant mature kernels 
from F2 nkd1-Ds; nkd2-Ds0297 segregating ears were used. Kernel genotypes were verified by 
standard PCR genotyping using primers described in Yi et al., 2015. Mature kernels were 
cracked and freshly planed with a razor blade, cleaned with ethanol, and placed on a specimen 
stub with a carbon coated adhesive. Specimen stubs were then painted with silver paint and air 
dried for 10 minutes at room temperature. Kernels were sputter coated with gold and images with 
a digital JEOL 5800LV scanning electron microscope.  
 
Total pericarp, endosperm, embryo, and seed dry weight analysis 
For pericarp, endosperm, embryo and total seed weight analysis, 31 WT and 31 nkd1 
nkd2 mutant mature kernels from the same F2 segregating nkd1-Ds; nkd2-Ds0297 segregating 
ear were randomly selected. This was done on three independent ears for a total of 93 WT 
kernels and 93 nkd1 nkd2 mutant kernels. Mature kernels were imbibed in double distilled water 
for 12 hours and were frozen solid at 4⁰C and thawed to allow for efficient dissection. Pericarp, 
endosperm, and embryos were then dissected into pools of tissue from 31 kernels and placed in a 
55⁰C oven for 36 hours to re-desiccate the materials. Samples were then weighed to obtain 
pooled kernel pericarp, endosperm, and embryo dry weights. Total seed weights were 
determined by adding the pericarp, endosperm and embryo dry weights together for each 
independent ear. Average pericarp, endosperm, embryo and total seed weights per kernel for WT 
and nkd1 nkd2 mutant were determined and statistical analysis was performed using a Student's 
t-test.  
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Total nitrogen and protein analysis 
For total nitrogen analysis, 10 WT and 10 nkd1-Ds; nkd2-Ds0297 kernels were randomly 
selected from an F2 segregating nkd1-Ds; nkd2-Ds0297 ear. This process was repeated twice for 
a total of 3 randomly selected 10 WT and 10 nkd1-Ds; nkd2-Ds0297 kernel pools from the same 
ear. This process was performed on a total of three independent ears representing 90 WT and 90 
nkd1-Ds; nkd2-Ds0297 kernels for a total of 9 WT and 9 nkd1 nkd2 mutant kernel 10 kernel 
pools. Each of the 10 WT and 10 nkd1 nkd2 mutant kernel pools were imbibed in double dilute 
water for 12 hours, frozen at -20⁰C and thawed to allow efficient dissection. Endosperm 
dissections were then performed and 10-kernel pools and were ground in a mortar and pestle 
with liquid nitrogen to a particle size of less than 1 mm in diameter. Ground samples were placed 
in a 55⁰C oven for 48 hours to re-desiccate the materials, then weighed. Total nitrogen content 
was determined from 0.15 grams of each of the 9 WT and 9 nkd1 nkd2 mutant pooled endosperm 
samples using the Dumas N combustion procedure with a Leco Truspec CN analyzer and 
Elementar Variomax CNS analyzer. Protein content (%) per sample was determined by 
multiplying % nitrogen content by 6.25. Total grams protein per sample was determined by 
multiplying % total protein by dry weight. Sample means were compared using Student's t-test.  
 
Principle component analysis 
Principal component analysis (PCA) was performed using the MetaboAnalyst 3.0 web 
tool (Xia et al., 2015). Due to experimental design differences, PCA was performed separately 
for endosperm weight combined with the total protein to account for the effects of independent 
ears (cob) and for starch branch chain length distribution combined with the total starch to 
account for the effect of independent kernels within the same segregating ear.  
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Bimolecular fluorescence complementation assay (BiFC) 
BiFC assays were performed as described (Citovsky et al., 2006). nkd1 and nkd2 ID 
domain and full-length CDS were cloned in-frame to the N-terminal half and the C-terminal half 
of the yellow florescent protein (YFP) in vectors pSAT1A-nEYFP-N1 and pSAT1A-cEYFP-
N1, respectively, using primers listed in Supplemental Table 12. A 35S:mCherry construct was 
generated by cloning the mCherry CDS into a modified pSAT1A vector from which the EYFP 
fragment had been removed. The 35S:mCherry, nYFP-NKD and cYFP-NKD constructs were 
biolistically introduced into onion epidermal cells and incubated in the dark for 24-36 h. 
35S:mCherry was co-bombarded with each experiment and used as an internal control to 
identify transiently transformed cells. Expression of the mCherrry marker and reconstitution of 
YFP florescence was observed by epifluorescence microcopy as described above.  
 
Reciprocal co-pull down 
Pull-down assays were performed using the NKD-GST and NKD-6x HIS fusion 
proteins. Fusion protein expression was induced by IPTG for two hours and total soluble protein 
extracts were collected as previously described (Kozaki et al., 2004). NKD-GST and NKD-6x 
His tagged total soluble protein extracts were mixed and incubated in PBS buffer with 0.15 mM 
PMSF for 1 h at room temperature with gentle rotation. Samples were then passed though 
Glutathione Sepharose 4B (GE Healthcare) or HIS-Select HF Nickel Affinity Gel resins 
(Sigma), then washed with GST wash buffer (1x phosphate-buffered saline, pH 7.4) or 6x His 
wash buffer (50 mM phosphate buffer pH 7.0, 300 mM NaCl, 1mM imidizole), respectively. 
Proteins were eluted with GST elution buffer (50 mM Tris-HCl, 10 mM reduced glutathione, pH 
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8.0) or 6x His elution buffer (50 mM phosphate buffer pH 7.0, 300 mM NaCl, 150 mM 
imidizole) and detected by SDS-PAGE immunoblotting using GST antibody (product # MA4-
004-HRP) or His antibody (product # MA1-21315-HRP).  
 
Protoplast isolation and transformation 
To avoid confounding effects from endogenous NKD1 and NKD2 protein, 18-20 DAP 
nkd1-Ds; nkd2-Ds0297 kernels were used for aleurone protoplast isolation as described (Bethke 
and Jones, 2001). Aleurone peels from 30-40 kernels (~0.5g) of the same ear were harvested and 
placed immediately in 15 ml of TVL solution (0.3 M sorbitol; 50 mM CaCL2). 20 ml of Enzyme 
solution (0.5 M sucrose, 10 mM MES-KOH [pH 5.7], 20 mM CaCl2, 40 mM KCl, 1% Cellulase 
Onozuka R-10, 1% Macerozyme R10) were then added and the tissue shaken at 35 rpm at room 
temperature for 16-18 hours. Protoplasts were collected by passing through 10 micro meter 
nylon mesh (spectrum labs) with W5 solution (154 mM NaCl, 125 mM CaCl2, 5 mM KCl, 2 
mM MES [pH 5.7]). Protoplasts were recovered from the nylon mesh by rinsing with 15 ml of 
W5 solution followed by centrifugation for 5 minutes at 60 g. Protoplast pellets were gently re-
suspended in 15 ml of fresh W5 solution, centrifuged for 5 minutes at 60 g, then re-suspended 1 
ml MMg solution (0.4 M mannitol, 15 mM MgCl2, 4 mM MES [pH 5.7]). Protoplast integrity 
and quantification was determined by optical visualization on a light microscope.  
Protoplast transformation was performed following the protocol outlined by Bethke and 
Jones (2001). For each transformation, 100 
-20 
mannitol,100 mM CaCl2) was added, gently mixed, and incubated at room temperature for 10 
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were centrifuged at 100 g for 2 min at room temperature, and protoplast pellets gently re-
suspended in 1 ml WI solution (0.5 M mannitol, 4 mM MES [pH 5.7], 20 mM KCl) and 
incubated at room temperature on a rotator for 14 h.  
 
Transcriptional activity assays 
To test the transcriptional activity of NKD1 and NKD2, a series of reporter, effector and 
normalization constructs (Figure 8A) were designed and cloned using primers listed in 
Supplemental Table 13. For reporter vectors, the promoter regions of select putative direct 
targets of NKD were cloned upstream of the firefly luciferase coding sequence in the pGL3 
vector (Promega). The proximal promoter regions of xylanase inhibitor protein 1 (zmX1P-1, 
GRMZM2G328171), opaque2 (o2, GRMZM2G015534), zein protein 22.1 (zp22.1, 
GRMZM2G044625), nkd1 (GRMZM2G129261), viviparous1 (vp1, GRMZM2G133398), 
jasmonate induced protein (JIP, GRMZM2G112238), Mother of FT-like (MTF, 
GRMZM2G059358) and WRKY transcription factor 29 (wrky29, GRMZM2G040298) 
constituted the reporter plasmids (Supplemental Table 14). For the effector constructs, 
35Spro:NKD1 and 35Spro:NKD2, nkd1 and nkd2 CDSs were cloned into a modified pSAT1A 
vector described above using primers listed in Supplemental Table 13. The empty vector was 
used as 35S:null control. The normalization construct was generated by cloning the Renilla 
luciferase CDS sequence into a modified pSAT1A vector using primers listed in Supplemental 
Table 13. The reporter, effector, and normalization constructs were co-transformed into nkd1-
Ds/nkd1- Ds0297; nkd1-Ds; nkd2-Ds0297 AL protoplasts as described above. Sets of 
transactivation assays were performed on protoplasts from the same isolation and protoplasts 
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from independent isolations constituted biological replicates. A control using the 35S-null 
construct as effector was included for each set of assays. A total of three biological replicates 
were performed for each treatment. Firefly and Renilla luciferase activity assays were performed 
using a dual luciferase assay System kit following the manufacturer’s recommended instructions 
(Promega E1910). Luminescence was measured using a microplate reader (BioTek) and three 
technical replicates were used for each assay.  
 
Accession numbers 
 Sequence data from this article can be found in the GenBank/EMBL databases under the 
following accession numbers: RNAseq reads were deposited in NCBI Gene Expression Omnibus 
accession number GSE61057. Gene model numbers are provided for differentially expressed 
genes in Supplemental Dataset 1 for the aleurone and Supplemental Dataset 2 for the starchy 
endosperm. 
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Supplemental Data 
 
Supplemental Figure 1. Maize V3 LCM-RNAseq transcriptome assembly and DE gene 
confirmation 
LCM-RNAseq data reported in Yi et al., 2015 (GSE61057 
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE61057) was realigned to the Maize V3 
reference genome using Tophat2 version 2.1.0 and BEDTools package.  
(A) MA plots of log2 fold change in transcript abundance of nkd1 nkd2 mutant relative to WT 
plotted against mean normalized read counts in mutant and WT aleurone (BA-NA) and starchy 
endosperm (BS-NS). Black dots represent genes detected with ≥1 read count and red dots 
represent DE genes (adjusted p-value≤ 0.01). 
(B) Two dimensional scatter plot generated by MDS (Multidimensional scaling) analysis of DE 
genes in the three biological replicates from WT and nkd1 nkd2 mutant endosperm analysis.  
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(C) Bar diagram showing subset of tested genes using qRT-PCR from Figure 1. Error bars 
represent standard error of the mean of three biological replications. The statistically significant 
DE genes are indicated by asterisks. *denotes P<0.05, ** for P<0.01. 
 
 
79 
 
Supplemental Figure 2. Disrupted pathways in nkd1 nkd2 mutant aleurone 
Log2 fold change heat maps of DE genes functioning in (A) Resource reserve metabolism, (B) 
Hormone biosynthesis, signaling and response, and (C) Cell division/ growth regulation, 
defense response, epigenetic and transcriptional regulation of gene expression. 
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Supplemental Figure 3. Disrupted pathways in nkd1 nkd2 mutant starchy endosperm 
Log2 fold change heat maps of DE genes functioning in (A) Resource reserve metabolism, (B) 
Hormone biosynthesis, signaling and response, and (C) Cell division/ growth regulation, defense 
response, nutrient transport, epigenetic and transcriptional regulation of gene expression. See 
Supplemental Dataset 2 for further details. 
 
 
 
 
 
Supplemental Figure 4. BETL qRT-PCR 
qRT-PCR on independent RNA samples from the lower quarter of segregating wildtype (WT) 
and nkd1 nkd2 mutant (nkd) endosperms at 12DAP. Differential expression was determined by 
comparing WT to nkd1 nkd2 mutant BETL marker gene expression using standard delta CT 
methodology relative to ubiquitin gene. * denotes significant differential expression. Error bars 
represent the standard deviation from the mean of three biological replicates each with three 
technical replicates.  
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Supplemental Figure 5. nkd1 nkd2 mutant starch granule SEM 
(A and B) Mature WT kernels from a segregating F2 ear described in Figure 3 C to F. 
(C to E)  Mutant nkd1-Ds;nkd2-Ds0297 starch granules. 
(A and C) Black boxes show position of images in panels (B) and (D), respectively.  
(E) nkd1 nkd2 mutant starch granules were sometimes faceted.  
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Supplemental Figure 6. Principal component analysis of nkd1 nkd2 mutant and wild-type 
resource reserve datasets 
(A) PCA of WT and nkd1 nkd2 mutant kernel weights and total protein datasets from 
independent segregating cobs (cob1-3).   
(B) PCA of starch branch chain length and total starch content datasets from WT and nkd1 nkd2 
mutant kernels (k1-5).  
(A and B) The first principal component is graphed on the x-axis and the second principal 
component is graphed on the y-axis. A third principal component was not generated for either 
analysis. 
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Supplemental Figure 7. Verification of NKD-ID GST fusion proteins 
(A) SDS-PAGE gel stained with Coomassie stain of IPTG un-induced, induced and purified 
NKD1ID and NKD2ID GST fusion proteins. Protein concentrations were determined via 
Bradford Protein Assay (Bio-Rad) and equivalent protein concentrations were loaded for each 
sample. “L” represents protein size ladder (Precision Plus Protein™ Dual Color Standards 
#1610374), “Un” represents total soluble un-induced protein, “In” represents IPTG induced total 
soluble protein, and “Pur” represents purified GST fusion proteins purified with Glutathione 
Sepharose 4B (GE Healthcare). Purified protein bands were cut out of the gel and were verified 
by trypsin digest QSTAR MS/MS. QSTAR MS/MS data and aligned fragments for NKD1-ID 
GST fusion protein (B) and NKD2-ID GST fusion protein (C) indicated by bold red lettering.  
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Supplemental Figure 8. EMSA controls and additional tested mutant probes 
(A and B) Positional base Frequency of MEME selected SAAB sequences for NKD1ID (A) and 
NKD2ID (B).  
(C and D) EMSA controls show the GST tag does not bind probes. 
(D and E) Binding affinity of NKD1ID and NKD2ID GST fusion proteins for additional point 
mutated variants of the BCS probe. Sequences of probes used in (D) are shown, while for (C 
and E), probes are as indicated in Figure 5C. The NKD/DNA complex is indicated by an 
arrowhead.  + indicates protein used and '–' indicating protein not used for each lane.  
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Supplemental Figure 9. Scanning mutagenesis EMSA overexposure 
Over exposure of EMSAs described in Figure 5 for (A) NKD1ID and (B) NKD2ID GST fusion 
proteins. Note that no shift was detected for NKD1ID GST with point mutant probe variant M8 
nor for NKD2ID GST with M2 and M4 point mutant probe variants.  
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Supplemental Figure 10. Overlap in NKD motifs and predicted direct target genes 
(A and B) RNAseq detected genes with NKD1, NKD2, and/or NKDCore binding motif in 
proximal promoter region in (A) aleurone and (B) starchy endosperm.  
(C) Shared and unique NKD1, NKD2 and NKDCore direct target genes in aleurone and starchy 
endosperm. 
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Supplemental Figure 11. NKD BCS enrichment shuffled controls 
(A) Enrichment analysis for NKD1ID and NKD2ID shuffle control BCS occurrence in aleurone 
differentially expressed (DE) genes.  
(B) BCS shuffle controls for starchy endosperm DE genes. Enrichment was determined relative 
to all genes detected in each RNAseq transcriptome. 
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Supplemental Figure 12. BiFC controls 
(A) Control bombardments consisting of combinations of empty vector CYFP + empty vector 
NYFP, NKD1 and NKD2 NYFP + empty vector CYFP or NKD1 and NKD2 CYFP + empty 
vector NYFP did not produce YFP fluorescence. Bombardments of NKD1ID-CYFP + NKD1ID-
NYFP without mCherry was visualized with the mCherry filter to verify specificity of each 
florescent filter set for the respective fluorophore. Constructs used in each control assay are 
listed at the left of each row.  
(B) BiFC NKD1ID and NKD2ID proteins. Vectors used for each BiFC assay are listed to the left 
of each row. Arrows designate nuclei viewed under differential interference contrast (DIC).  
mCherry florescence marks transient cells transformation and YFP florescence indicates a 
positive protein-protein interaction.  
(A and B) size bars = 100µm.  
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Supplemental Figure 13. Reciprocal tag co-pull downs. 
(A) Reciprocal Co-pull downs described in Figure 6 for NKD1ID and NKD2ID 6xHis and GST 
tagged proteins. 
(B) Reciprocal Co-pull downs with NKD1 and NKD2 full length fusion proteins.  
 
Supplemental Table 1. Summary of RNA sequencing reads 
Summary of aleurone (AL) and starchy endosperm (SE) RNA sequencing reads from Yi et al., 
2015 re-aligned and mapped to the maize reference genome (B73 RefGen-V3, GSE61057). 
Sample No. Reads (x 106) % Uniquely mapped % paired & mapped 
WT AL 281 87.44 72.26 
nkd1 nkd2 AL 310 75.65 59.09 
WT SE 292 56.87 40.71 
nkd1 nkd2 SE 256 72.07 54.07 
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Supplemental Table 2. Summary of gene expression analysis in endosperm cell types 
Cell type 
Expressed 
genes 
Common 
genes 
DE genes 
Common DE 
genes 
Higher in 
nkd1 nkd2 
Lower in 
nkd1 nkd2 
AL 34014 31792 2188 935 799 1389 
SE 32629 31792 2193 935 915 1278 
 
 
Supplemental Table 3. NKD1 SAAB selected sequences 
 NKD1 SAAB Selected Sequences 
1                   TTTGTCGT tttgtgtgaacc 
2        accgtgtatt TTTGTCGT a 
3        tattcggtgt TTTGTCGT a 
4              ccgt TTTGTGGT ttatgtgc 
5        tttttaagtt TGTGTCGT 
6             acact ATCGTCGT atcacca 
7        tcgcagttac TTGGTGGT 
8               cgc ATGGTCGT aacgtaagt 
9              gatc ATTGTAGT acatactc 
10         tgcagcatg TTCGCCGT caa 
11                 a TTGGCCGT atttgtcgaa 
12        attggccgta TTTGTCGA ac 
13        ggtttacgca GTGGTCGT 
14                 c TTCGCAGT tacttggtgg 
15         tgcatgaac ATTGCAGT aca 
16                ac GTCGTAGT gctgtatca 
17          gcgcgcga TTTGTACT cgca 
18                 g ATTATCGT gatcatcctg 
19            attggc AGCGTGGT acgtga 
20           tacttat TTGGTGGA tcctt 
21             gtacc GTTGTTGT gattgac 
22        ttagtcccta TTCATGGT gc 
23              tgga TTGGCTGT attacatg 
24          gtacgaac AGTGTCGA tgct 
25        ctggtctttc ACTGTAGT a 
26              tcta TGTGTGCT atcttcga 
27                   TGCGTCAT caaacaggcg 
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Supplemental Table 4. NKD2 SAAB selected sequences 
 NKD2 SAAB Selected Sequences 
1  gaacccattttt TGTCGT ta 
2               TGTCGG cctaaccgttaga 
3 cccgtctctggcg TGTCGG c 
4         gccgt TGTCGG tatcaaccc 
5          gtct TGCCGT ttggtgcgtg 
6      cgttcaac TGTTGT ctcc 
7         caagt TGCCGT ctatgtgcc 
8  acagtggtacgc TGTTGT ca 
9               TGTGGT agtaaagttactga 
10        ttgtta TGTGGT tacatata 
11       tctgcta TGTTGG agttagt 
12       tatagat TCTCGG ctcggtg 
13  tatggttcagcc TCTCGG cc 
14   cagtactattt TGTCGC ta 
15             g TGCTGT tcaattgaataaa 
16           atg CGTTGT tgcggtgaact 
17           cac GGTTGT gtattagctgg 
18  agagtttctcaa TCTCGG 
 
Supplemental Table 5. NKD1, NKD2 and O2 aleurone co-regulated genes 
Gene ID Gene Annotation  nkd1 nkd2 aleurone 
log2FC 
o2 logFC o2 p-value 
GRMZM2G012806 subtilisin-chymotrypsin inhibitor CI-1B -6.41 -6.49 6.69E-301 
GRMZM2G353268 19 kD zein Z1A -5.83 -2.03 1.71E-49 
GRMZM2G026939 19 kD zein Z1A -5.67 -1.2 1.20E-02 
GRMZM2G059620 19 kD zein Z1A -5.5 -1.58 2.36E-92 
GRMZM2G138689 50 kD γ-zein -4.94 -1.15 3.30E-06 
GRMZM2G348914 Unknown -4.69 -2.02 1.18E-04 
GRMZM2G100018 18 kDδ-zein -4.43 -194.82 4.10E-24 
GRMZM2G138727 27 kD γ-zein -4.38 -1.32 2.22E-10 
GRMZM2G044152 22 kD α-zein -4.32 -40.31 6.84E-70 
GRMZM2G160739 22 kD α-zein -4.22 -37.46 1.25E-231 
GRMZM2G086294 14 kD β-zein -4.08 -6.06 0.00E+00 
GRMZM2G346897 22 kD α-zein -4.01 -14.41 1.02E-93 
GRMZM2G117956 proline oxidase -3.97 -3.93 3.71E-03 
GRMZM2G044625 22 kD α-zein -3.89 -12.21 0.00E+00 
GRMZM2G397687 22 kD α-zein -3.83 -24.63 0.00E+00 
GRMZM2G388461 22 kD α-zein -3.72 -79.37 6.60E-62 
GRMZM2G346895 22 kD α-zein -3.61 -75.76 2.30E-91 
GRMZM2G088441 22 kD α-zein -3.56 -154.55 1.70E-23 
GRMZM2G312877 Lactoylglutathione lyase -3.5 -2.01 3.55E-05 
GRMZM2G045387 22 kD α-zein -3.22 -107.44 1.87E-194 
GRMZM2G088273 22 kD α-zein -3.07 -1.68E+06 7.60E-05 
GRMZM2G181362 LKR/SDH -2.91 -4.57 2.48E-17 
GRMZM2G088365 22 kD α-zein -2.88 -1.39E+07 9.78E-41 
GRMZM2G147424 DNA-binding protein S1FA2 -2.17 -1.65 6.84E-05 
GRMZM2G069651 Heat shock protein Hsp90 2.75 1.32 1.48E-02 
GRMZM2G458208 Chaperonin Cpn60/TCP-1 3.85 1.88 2.03E-03 
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GRMZM2G156632 Bowman-Birk type wound-induced proteinase 
inhibitor WIP1 Precursor 
-6.46 1.39 1.67E-02 
GRMZM2G304548 Trypsin/factor XIIA inhibitor Precursor -4.91 2.38 0.00E+00 
GRMZM2G005633 Endochitinase B Precursor -4.67 3.14 9.19E-42 
GRMZM2G410134 plant lipid transfer protein/seed storage -4.25 1.34 1.61E-12 
GRMZM2G474575 Proteinase inhibitor I3, Kunitz legume -3.52 2.37 3.51E-02 
GRMZM2G174883 11-S seed storage protein -3.48 2.12 2.77E-58 
GRMZM2G030717 cysteine proteinase inhibitor B -3.46 5.14 1.45E-13 
GRMZM2G058358 subtilisin-chymotrypsin inhibitor CI-1C -3.27 2.18 7.36E-11 
GRMZM2G146283 Dof zinc finger protein PBF -3.22 2.38 4.87E-08 
GRMZM2G001500 Heat shock protein 70 -2.16 1.58 1.07E-02 
GRMZM2G130062 2-isopropylmalate synthase B -2.09 1.21 4.03E-02 
GRMZM2G076239 hydroxyacid oxidase 1 -2.07 1.57 5.49E-03 
GRMZM2G091481 Protein disulfide-isomerase (PDI) -1.82 1.3 9.41E-05 
GRMZM2G019325 40S ribosomal protein S11 -1.82 1.58 3.13E-04 
GRMZM2G448151 30S ribosomal protein S3, chloroplastic 3.05 -1.22 4.69E-02 
GRMZM5G811749 30S ribosomal protein S16, chloroplastic 3.2 -1.29 5.34E-05 
 
 
Supplemental Table 6. NKD1, NKD2 and O2 starchy endosperm co-regulated genes 
Gene ID Gene Annotation  nkd1 nkd2 starchy 
endosperm log2FC 
o2 logFC o2 p-value 
GRMZM2G012806 subtilisin-chymotrypsin inhibitor CI-1B 
-4.69 
-6.49 6.69E-301 
GRMZM2G353268 19 kD zein Z1A 
-3.96 
-2.03 1.71E-49 
GRMZM2G059620 19 kD zein Z1A 
-3.71 
-1.58 2.36E-92 
GRMZM2G026939 19 kD zein Z1A 
-3.39 
-1.2 1.20E-02 
GRMZM2G138689 50 kD γ-zein 
-3.37 
-1.15 3.30E-06 
GRMZM2G348914 Unknown 
-2.35 
-2.02 1.18E-04 
GRMZM2G100018 18 kDδ-zein 
-2.26 
-194.82 4.10E-24 
GRMZM2G168330 60S ribosomal protein L14 
0.87 
1.82 6.55E-11 
GRMZM2G091383 40S ribosomal protein S24 
0.91 
1.69 4.98E-03 
GRMZM2G100467 60S ribosomal protein L39 
1.01 
1.4 3.22E-02 
GRMZM2G377797 40S ribosomal protein S16 
1.19 
1.35 2.86E-02 
GRMZM2G142640 60S ribosomal protein L24 
1.19 
2.07 2.20E-05 
GRMZM2G178968 60S ribosomal protein L7 
1.4 
1.51 3.34E-03 
GRMZM2G116292 60S ribosomal protein L40 
1.72 
2.47 2.91E-12 
GRMZM2G069651 Heat shock protein Hsp90 
2.58 
1.32 1.48E-02 
GRMZM2G156632 Bowman-Birk type wound-induced 
proteinase inhibitor WIP1 Precursor -5.81 
1.39 1.67E-02 
GRMZM2G474575 Proteinase inhibitor I3, Kunitz legume 
-3.18 
2.37 3.51E-02 
GRMZM2G005633 Endochitinase B Precursor 
-2.59 
3.14 9.19E-42 
GRMZM2G304548 Trypsin/factor XIIA inhibitor Precursor 
-1.84 
2.38 0.00E+00 
GRMZM2G146283 Dof zinc finger protein PBF 
-1.54 
2.38 4.87E-08 
GRMZM2G448151 30S ribosomal protein S3, chloroplastic 
3.17 
-1.22 4.69E-02 
Supplemental Table 5 Continued  
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Supplemental Table 7. Enriched gene ontologies in NKD1, NKD2 and O2 aleurone co-
regulated genes 
GO term Ontology Description Number in co-DE Number in Suggested Background p-value FDR 
GO:0045735 F nutrient reservoir activity 18 100 1.90E-32 4.20E-31 
GO:0004866 F endopeptidase inhibitor 
activity 
6 82 4.50E-09 3.30E-08 
GO:0030414 F peptidase inhibitor activity 6 82 4.50E-09 3.30E-08 
GO:0004857 F enzyme inhibitor activity 6 180 4.00E-07 2.20E-06 
GO:0030234 F enzyme regulator activity 6 368 2.20E-05 9.60E-05 
 
 
 
 
Supplemental Table 8. Enriched gene ontologies in NKD1, NKD2 and O2 starchy 
endosperm co-regulated genes 
GO term Ontology Description Number in co-DE Number in Suggested Background p-value FDR 
GO:0006412 P translation 6 980 5.30E-05 0.0024 
GO:0003735 F structural constituent of 
ribosome 
6 649 5.30E-06 2.90E-05 
GO:0005198 F structural molecule 
activity 
6 767 1.40E-05 3.70E-05 
GO:0033279 C ribosomal subunit 7 301 1.40E-09 1.40E-07 
GO:0005840 C ribosome 8 772 3.70E-08 1.40E-06 
GO:0044445 C cytosolic part 6 280 4.20E-08 1.40E-06 
GO:0022626 C cytosolic ribosome 6 323 9.50E-08 2.30E-06 
GO:0030529 C ribonucleoprotein 
complex 
8 894 1.10E-07 2.30E-06 
GO:0043228 C non-membrane-bounded 
organelle 
8 1579 8.10E-06 0.00012 
GO:0043232 C intracellular non-
membrane-bounded 
organelle 
8 1579 8.10E-06 0.00012 
GO:0032991 C macromolecular complex 8 2550 0.00025 0.003 
GO:0005829 C cytosol 6 1316 0.00027 0.003 
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Supplemental Table 9. Primer sequences used for qRT-PCR 
Gene ID Forward primer Reverse primer Size 
(bp) 
Tubulin 1 (tub1), 
GRMZM2G164696 
CAATACCCTGTTGCGCTTTG CAGTTCCAGAAACATGAGCAAAT
A 
99 
Proliferating cell Nuclear 
Antigen2 (pcna2), 
GRMZM2G108712 
CACATCTGGAGAAATTGGGAGTG CCGGCTCCTGCATCTCTATAA
  
98 
Cell Division Cycle2-like (CDC2-
like), GRMZM2G068193 
GACGAAGCTGTCTGCTCTTG CATCTCCCTTCCTCACATCTTTG 146 
Granule Bound Starch Synthase 
(waxy1), GRMZM2G024993 
GCGTACGAGGAGATGGTGAG 
 
CAGCACGTTCTCCCAGTTCT 
 
81 
Endo Betachitinase 2, 
GRMZM2G005633 
GTGTAGGCGATCACTGTTTCA CACAGAATGGGTAGAAGACCAC 112 
Floury1, GRMZM2G094532 CAGAAGCAGATGTATGACCGG ACAAGGCTCGATCAGTTATGG 106 
Actin-1, GRMZM2G047055 AAGGCTGAGTACGACGAGT CTCTCGGCTTTGCATCTCTT 86 
Nac Transcription factor 
ASN1/Nac36, GRMZM2G154182 
CTAGCTAGTACATGCACCGTATC CCAAACTCGAATCTGCTTCTTAC 114 
Fatty acid Desaturase 2, 
GRMZM2G064701 
TCGGCGAGTACTACCAGTT TGCTGTTGTACCAGAAGACG 123 
Phospholipid Transfer Protein 
homolog1 (plt1), 
GRMZM2G101958 
GCTCCAGGGTGAACTGAA GTCGTGATCATGCGTAGGTAG 136 
Opaque2, GRMZM2G015534 CCAGAAGTACAACGACGCTAAC CAGGGAGTCCTCTCCCATC 94 
Faciata1-like, GRMZM2G010105 GAAGAAATTAACCAGCCCAATCC CACCACCTTATGGATACCATCTC 126 
Prolamin-box Binding Factor1 
(pbf1), GRMZM2G146283 
CAACGCTAGCTCTAGCAATATGA TGGGAGCACATTAGGGAATAAG 106 
Legumin1 (leg1), 
GRMZM2G174883 
GACGAGAACAACAACATCAACC GAAGATGTTCTCGGCGAAGT 102 
Ubiquitin Conjugating Enzyme 
(AL qRT), GRMZM2G132759 
GCCATTGTTCCCTTGGATTTG TGGTAGGCCGACGATATACA 101 
betl1 ,GRMZM2G082785 CTGTTGCCATTCTGTCCTCACTG CACCGTCCTTGAAACCCTTGGA 186 
betl2, GRMZM2G152655 TGCACGCACAACAAGTGGGCAC AGCATGGCCCGTCGTCATTACG 116 
meg1, GRMZM2G354335 CTTTGCTGCTCATGCGCATGG GCATGCATGACTACACTGAGCC 202 
mrp1, GRMZM2G111306 CCGTGGACAACATGGACATGATG CTTCCATTTACCACGGCCAAACAC 191 
Ubiquitin Conjugating Enzyme 
(BETL qRT), GRMZM2G027378 
AGGAAGTTTGGTTTGCTAGCG CTGTTGGATCCCATGACGG 168 
 
Supplemental Table 10. Primers used to generate NKD GST and 6x His tag expression 
constructs 
Primers Forward Reverse 
GST-NKD1-
ID 
n1ID-BamH1: 
GGATCCGCATCGAATTCATCGGCGGCGTTCTTTG 
n1ID-Sal1:  
aaaGTCGACCGTCGGCGGCAGGCGCGCGCTTTC 
GST-NKD2-
ID 
n2ID-BamH1: 
GGATCCGCGTCGAATTCACCGGCGGCGGCG 
n2ID-Sal1:  
aaaGTCGACGGTCGGCGGCAGCCGCGCGCTC 
GST-NKD1-
FL  
nkd1BamH1: 
cttGGATCCGCATCGAATTCATCGGCGGCGTTCTTTG 
nkd1Sal1: 
catGTCGACTGGCATCCTGCCTCCGTTGAAGGACGAGG 
GST-NKD2-
FL 
nkd2BamH1: 
cttGGATCCGCGTCGAATTCACCGGCGGCGGCG 
nkd2Sal1: 
aaGTCGACTGGCATCCTGCCTCCATTGAAGGACG 
NKD1-ID-His n1ID-BamH1: 
GGATCCGCATCGAATTCATCGGCGGCGTTCTTTG 
n1ID-HINDIII: 
tttAAGCTTCGTCGGCGGCAGGCGCGCGCTTTC 
NKD2-ID-His n2ID-BamH1: 
GGATCCGCGTCGAATTCACCGGCGGCGGCG 
n2ID-HINDIII: 
 tatAAGCTTGGTCGGCGGCAGCCGCGCGCTC 
NKD1-FL-His nkd1BamH1: 
cttGGATCCGCATCGAATTCATCGGCGGCGTTCTTTG 
nkd1BamH1 Rev: 
catGGATCCTGGCATCCTGCCTCCGTTGAAGGACGAGG 
NKD2-FL-His nkd2BamH1: 
cttGGATCCGCGTCGAATTCACCGGCGGCGGCG 
nkd2BamH1 Rev:  
aaGGATCCTGGCATCCTGCCTCCATTGAAGGACG 
95 
 
 
 
 
 
 
 
Supplemental Table 11. Oligonucleotides used in electrophoretic mobility shift assays 
(EMSA) 
Primers Forward Reverse 
WT  CCGGCCTTTGTCGTGGGCCC, 5'Biotinylated (no 
Biotin for unlabeled) 
GGGCCCACGACAAAGGCCGG 
M1 CCGGCCCTTGTCGTGGGCCC, 5'Biotinylated GGGCCCACGACAAGGGCCGG 
M2 CCGGCCTCTGTCGTGGGCCC, 5'Biotinylated (no 
Biotin for unlabeled) 
GGGCCCACGACAGAGGCCGG 
M3 CCGGCCTTAGTCGTGGGCCC, 5'Biotinylated GGGCCCACGACGAAGGCCGG 
M4 CCGGCCTTTTTCGTGGGCCC, 5'Biotinylated GGGCCCACGAAAAAGGCCGG 
M5 CCGGCCTTTGACGTGGGCCC, 5'Biotinylated GGGCCCACGTCAAAGGCCGG 
M6 CCGGCCTTTGTAGTGGGCCC, 5'Biotinylated GGGCCCACTACAAAGGCCGG 
M7 CCGGCCTTTGTCTTGGGCCC, 5'Biotinylated GGGCCCAAGACAAAGGCCGG 
M8 CCGGCCTTTGTCGCGGGCCC, 5'Biotinylated (no 
Biotin for unlabeled) 
GGGCCCGCGACAAAGGCCGG 
MM3 CCGGCCTTCGTCGCGGGCCC, 5'Biotinylated GGGCCCGCGACGAAGGCCGG 
M CCGGCCGTCGCCGTGGGCCC, 5'Biotinylated GGGCCCACGGCGACGGCCGG 
MM CCGGCCGTCGCCGGGGGCCC, 5'Biotinylated GGGCCCCCGGCGACGGCCGG 
 
 
 
 
 
 
 
 
 
Supplemental Table 12. Primers used for cloning of constructs used in BiFC 
Primers Forward Reverse 
NKD1-ID C and N-terminal 
YFP halves 
Sal1-nkd1: 
ttGTCGACATGGCATCGAATTCATCGGCGGCG 
n1ID-BamH1: 
tttGGATCCCCGTCGGCGGCAGGCGCGCGCTTTC 
NKD2-ID C and N-terminal 
YFP halves 
Sal1-nkd2: 
ttGTCGACATGATGGCGTCGAATTCACCGGCG 
n2ID-BamH1: 
tatGGATCCCGGTCGGCGGCAGCCGCGCGCTC 
NKD1-FL C and N-terminal 
YFP halves 
Sal1-nkd1: 
ttGTCGACATGGCATCGAATTCATCGGCGGCG 
BamH1-nkd1: 
aaGGATCCGTGGCATCCTGCCTCCGTTGAAGG 
NKD2-FL C and N-terminal 
YFP halves 
Sal1-nkd2: 
ttGTCGACATGATGGCGTCGAATTCACCGGCG 
BamH1-nkd2: 
aaGGATCCGTGGCATCCTGCCTCCATTGAAGGAC 
35s-mCherry Mch-kpn1:  
tttGGTACCATGGTGAGCAAGGGCGAGGAG 
Mch-BamH1: 
tatGGATCCTTACTTGTACAGCTCGTCCATGCC 
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Supplemental Table 13. Primers used for cloning of transcription assay constructs 
Primers Forward Reverse 
35spro:NKD1 Sal1-nkd1: 
ttGTCGACATGGCATCGAATTCATCGGCGGCG 
BamH1-nkd2: 
aaGGATCCGTGGCATCCTGCCTCCGTTGAAGG 
35spro:NKD2 Sal1-nkd2: 
ttGTCGACATGATGGCGTCGAATTCACCGGCG 
BamH1-nkd1: 
aaGGATCCGTGGCATCCTGCCTCCATTGAAGGAC 
35Spro:RLUC Rluc-NCO1: 
aataCCATGGATGACTTCGAAAGTTTATGATCCAG
AAC 
Rluc-BamH1: 
atttGGATCCTTATTGTTCATTTTTGAGAACTCGCT
CA 
X1P-1pro:LUC XIP1-Kpn1:  
aaGGTACCGACCGACCTAGACTCCTCTAATC 
XIP1-Nhe1: 
 ttGCTAGCGTCTCGTTGGTTAATTGCTGCTAC 
o2pro:LUC O2-Sac1:  
aaGAGCTCGCTCCAAAATATAGCAAGTCACAG 
O2-Nhe1: 
 ttGCTAGCCACATTTTGAAGGCCTCGAG 
zp22.1pro:LUC Azein22.3-Sac1: 
aaGAGCTCACTTGAGGTTCGCACCAATTGC 
Azein22.3-Nhe1: 
ttGCTAGCGTTGTTAGGTTGTTGCTAATGTGC 
nkd1pro:LUC Nkd1-MlU1: 
aataACGCGTGAAGCTCTATATTGATGGTTTGTAA
GCC 
Nkd1-BGlIIR: 
atttAGATCTGACTTCCTCCCGATTTATCCTGG 
vp1pro:LUC Vp1-MlU1: 
aataACGCGTGCTAGTGTTCTTTGAGCTCTTGTGCT
TG 
Vp1-Xho1: 
atttCTCGAGCAGAGAGACACGACGACAAAGGG 
vp1-mutpro:LUC Vp1-MlU1: 
aataACGCGTGCTAGTGTTCTTTGAGCTCTTGTGCT
TG 
Vp1-Xho1:  
atttCTCGAGCAGAGAGACACGGCGACAAAGGG 
JIPpro:LUC JIP-Sac1:  
aaGAGCTCACTCAGCAAAGAACCGAATTCCAG 
JIP-Nhe1:  
ttGCTAGCATTACCTGCAACGATCGAGCAAC 
MTFpro:LUC MFT-like-Kpn1: 
aaGGTACCGGTTCGGAAACTGATCCTTAAGCGG 
MFT-like-Nhe1: 
ttGCTAGCGATCAACGCGACCTTGGGTAGAG 
WRKY29pro:LUC Wrky29-Mlu1:  
aaACGCGTGGCCTTTACTCCTGTCTCCTAG 
Wrky29-Xho1: 
ttCTCGAGAGAGAGAGAGAGAGAAATTAAGCG 
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Supplemental Table 14. Constructs cloned in this study 
Construct Description Experiments  
NKD1-ID-N-YFP C-terminal YFP (N-terminus) BiFC 
NKD1-ID-C-YFP C-terminal YFP (C-terminus) BiFC 
NKD2-ID-N-YFP C-terminal YFP (N-terminus) BiFC 
NKD2-ID-C-YFP C-terminal YFP (C-terminus) BiFC 
NKD1-FL-N-YFP C-terminal YFP (N-terminus) BiFC 
NKD1-FL-C-YFP C-terminal YFP (C-terminus) BiFC 
NKD2-FL-N-YFP C-terminal YFP (N-terminus) BiFC 
NKD2-FL-C-YFP C-terminal YFP (C-terminus) BiFC 
35s-mCherry Full length mCherry CDS BiFC 
GST-NKD1-ID NKD1 ID CDS, N-terminal GST tag Co-Pull Down, EMSA, SAAB 
GST-NKD2-ID NKD2 ID CDS, N-terminal GST tag Co-Pull Down, EMSA, SAAB 
GST-NKD1-FL NKD1 CDS, N-terminal GST tag Co-Pull Down, EMSA 
GST-NKD2-FL NKD2 CDS, N-terminal GST tag Co-Pull Down, EMSA 
NKD1-ID-His NKD1 ID CDS, C-terminal 6x His tag Co-Pull Down 
NKD2-ID-His NKD2 ID CDS, C-terminal 6x His tag Co-Pull Down 
NKD1-FL-His NKD1 CDS, C-terminal 6x His tag Co-Pull Down 
NKD2-FL-His NKD2 CDS, C-terminal 6x His tag Co-Pull Down 
X1P-1pro:LUC X1P-1 proximal promoter region (-596bp from TSS to -4bp from 
ATG), Firefly Luciferase 
Transcription Assays 
o2pro:LUC opaque2proximal promoter region (-570bp from TSS to +432 from 
ATG), Firefly Luciferase 
Transcription Assays 
zp22.1pro:LUC zp22.1proximal promoter region (-510bp from TSS to -1bp from 
ATG), Firefly Luciferase 
Transcription Assays 
nkd1pro:LUC nkd1proximal promoter region (-966bp from TSS to -1bp from ATG), 
Firefly Luciferase 
Transcription Assays 
vp1pro:LUC vp1 proximal promoter region (-1592bp from TSS to +256bp from 
TSS), Firefly Luciferase 
Transcription Assays 
VP1-mutpro:LUC 
 
vp1 proximal promoter region (-1592bp from TSS to +256bp from 
TSS) with point mutation in second NKD BCS TTGTCGT to TTGTCGC, 
Firefly Luciferase 
Transcription Assays 
JIPpro:LUC JIP proximal promoter region (-600bp from TSS to ATG), Firefly 
Luciferase 
Transcription Assays 
MTFpro:LUC MTF proximal promoter region (-343bp from TSS to -8bp from 
ATG), Firefly Luciferase 
Transcription Assays 
WRKY29pro:LUC WRKY29 proximal promoter region (-600bp from TSS to -19bp from 
ATG), Firefly Luciferase 
Transcription Assays 
35Spro:NKD1 2x 35S promoter-NKD1 CDS Transcription Assays 
35Spro:NKD2 2x 35S promoter-NKD2 CDS Transcription Assays 
35Spro:null 2x 35S promoter-MCS-TGA Transcription Assays 
35Spro:RLuc 2x 35S promoter-Renilla Luciferase CDS Transcription Assays 
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Supplemental Dataset 1. nkd1 nkd2 mutant aleurone differentially expressed genes and 
pathway analyses. See Gontarek et al., The Plant Cell, 2016, doi:10.1105/tpc.16.00609. 
Supplemental Dataset 2. nkd1 nkd2 mutant starchy endosperm differentially expressed genes 
and pathway analyses. See Gontarek et al., The Plant Cell, 2016, doi:10.1105/tpc.16.00609. 
Supplemental Dataset 3. NKD direct target gene analyses. See Gontarek et al., The Plant Cell, 
2016, doi:10.1105/tpc.16.00609. 
Supplemental Dataset 4. NKD direct target gene ontologies and enrichment. See Gontarek et 
al., The Plant Cell, 2016, doi:10.1105/tpc.16.00609. 
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CHAPTER 3 
RNA-seq ANALYSIS OF thk1 MUTANT ENDOSPERM AND  
thk1 SUPPRESSOR/ ENHANCER SCREEN 
 
RNA-seq Analysis of thk1 Mutant Endosperm 
As previously described in chapter one, the thick aleurone1 reference (thk1-R) mutant has 
multiple aleurone layers, is embryo lethal, has opaque kernels, and was caused by a ~2MB 
deletion on the end of chromosome 1 encompassing approximately 64 gene models (Yi et al., 
2011). Two new thk1 mutant alleles were generated by Gibum Yi using EMS mutagenesis. We 
hypothesized that the gene causal to the thk1 mutation would be either differentially expressed 
(DE) in the thk1 mutant endosperm (if a mutation(s) lay in its promoter region) or have 
polymorphisms in its transcript (if a mutation(s) lay in coding region). To identify candidate thk1 
genes, an RNA-seq experiment was undertaken on 18 DAP endosperm from wild-type 
progenitor and two independent thk1 EMS alleles. A DE analysis and SNP calling were 
performed on reads that aligned to the chromosome 1 thk1-R deletion zone. Briefly, RNA was 
extracted from 18 DAP thk1 mutants and wild type progenitor endosperms for three biological 
replicates each. Each biological replicate included RNA extracted from a mix of 5 endosperms 
dissected from kernels of the same cob. Kernels towards the center of the cob were selected to 
minimize possible developmental differences. A three lane experimental RNA-seq design was 
implemented with one replicate for WT and each thk1 EMS allele per lane. RNA library prep 
and Illumina sequencing were performed at the ISU DNA facility and the Illumina core facility. 
RNA-seq data processing, normalization using quasi-seq, differential expression analysis, as well 
as SNP calling were performed at the ISU bioinformatics facility by Dr. Andrew Severin. DE 
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was determined by comparing the transcript read counts of thk1 endosperm to WT endosperm 
using q-value of 0.01.  
Genome-wide DE analysis was performed to identify genes and pathways regulated by 
the thk1 gene. An overview of DE pathways in both the thk1 alleles determined by GO, 
MaizeCyc, and CornCyc is illustrated in Figure 1. We observed decreased transcript abundance 
in the thk1 mutant endosperm for genes functioning in starch biosynthesis, storage protein 
accumulation, glycolysis, and upregulation in epigenetic factors, transcription factors, fatty acid 
biosynthesis, abscisic acid, ethylene, gibberellic acid, auxin and cytokinin signaling (Figure 1). 
These results indicate carbon allocation is shifted from starch and storage proteins to fatty acids 
in the thk1 mutant endosperm. The upregulation of auxin and cytokinin signaling was consistent 
with the thk1 mutants multiple aleurone layers. Future analyses will seek to test the fatty acid, 
Figure 1. thk1 RNA-seq 
(A) Summary of genes declared DE in each thk1 EMS allele and common to both thk1 EMS allele with 
same trend log2 fold change.  
(B) RNA-seq of 18 DAP endosperm dissected kernels from two independent thk1-EMS alleles and B73. 
Pathway analysis was performed using GO, MaizeCyc, and CornCyc. Green represents up regulated, red 
represents down regulated, and black represents non DE transcripts in the thk1 mutant EMS alleles 
relative to B73.  
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total starch and storage protein contents of the thk1 mutant endosperm to confirm our pathway 
analysis predictions. 
  
RT-PCR DE is Consistent with thk1 RNA-seq DE 
To confirm our RNA-seq results represented the DE in the thk1 mutant endosperm, we 
preformed RT-PCR on select genes declared DE in RNA-seq. Briefly, three biological replicates 
for each thk1-EMS allele and wild type B73 were collected and RNAs were extracted using the 
same conditions for RNA-seq samples outlined above. RNA’s were quantified and normalized 
between samples by use of a nano-drop and a ubiquitin internal control. Samples were amplified 
in PCR and DE was determined by comparing the qualitative band intensities of amplicons from 
thk1 mutant to wild type B73. Results are summarized in Figure 2. Results indicate DE in thk1 
RNA-seq was consistent to DE in RT-PCR.  
 
 
 
Figure 2. RT-PCR of Genes Declared DE in thk1 RNA-seq 
RT-PCR expression results for three biological replicates each for B73 wild type, thk1-EMS1 (thk-EMS1), thk1-
EMS2 (thk-EMS2) for each respective gene. 
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thk1 candidate gene 
Analysis of our RNA-seq results revealed a single thk1 candidate gene; it was one of 6 
genes in the 2 Mb thk1-R deletion interval with altered expression and/or SNP’s in both thk1 
EMS alleles. The identification of a new thk1 deletion allele with approximately 1.56Mb deleted 
from the short arm of chromosome 1 (bases 0-1,565,040, Figure 3)  and recombination mapping 
of F2 Mo17 x B73 thk1 mutants done by Kayla Flyckt ruled out the other candidate genes from 
the RNA-seq experiment.  
 
In summary, we have identified a thk1 candidate gene through RNA-seq analysis, and 
narrowed our thk1 linkage interval. However, we still lack conclusive genetic evidence to 
confirm our thk1 candidate gene. To resolve this uncertainty, we are in the process of generating 
transgenic lines for our candidate gene for genetic recovery experiments with the thk1-R mutant. 
If our thk1 candidate gene transgenic lines rescue the thk1 mutant endosperm phenotype, these 
data will provide conclusive genetic evidence that mutation(s) in our candidate gene is causal to 
the thk1 mutant endosperm phenotype. 
 
Figure 3. New thk1 Deletion Allele 
PCR amplicons for chromosome 1 presence/ absence polymorphisms in wildtype (WT) 
and three thk1 kernels (k1-k3) from the same new thk1 deletion allele segregating cob. 
For primer sequences see Yi et al., 2011. 
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thk1 Suppressor/Enhancer Screen 
To identify genes that interact with thk1 function in endosperm development, a 
suppressor/enhancer screen was performed utilizing the natural genetic diversity of the nested 
associated mapping (NAM) inbred founder lines. The thk1-EMS1 allele was crossed with each 
NAM founder line to generate an F1 population. All lines complemented the thk1 mutant kernel 
phenotype. F2 populations were generated by self-pollinating the F1 individuals, and were 
screened for suppression/enhancement of the thk1 mutant kernel phenotype. Excitingly, four 
independent NAM-B73 lines (CML322, Ky21, M37W, MS71) were identified segregating both 
the thk1-embryoless phenotype as well as a thk1-embryo positive phenotype (Figure 4). The 
germinability of the thk1-embryo positive (telr) kernels were tested and three lines germinated 
(CML322, Ky21, M37W) while one line partially germinated producing only a radical (MS71). 
Lines that germinated are referred to as thk1 embryo lethal rescue (telr). 
 
 
 
 
 
Figure 4. thk1 embryo lethal rescue phenotype.  
CML322/B73 Segregating wild type (WT), thk1-embryoless (thk-R), and thk1-embryo positive (telr) kernels. Hand disections showing 
multiple aleurone layer phenotype in thk-R and telr kernels (sections of same kernels shown on the right).  
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Inheritance pattern of telr kernels 
 To determine the genetic inheritance pattern of the thk1 embryo positive (telr) 
phenotypes and the multiple aleurone layer phenotype, all phenotypic classes were counted 
amoung F2 kernels from 6 self-pollinated cobs for each NAM-B73 telr segregating line 
(CML322, Ky21, M37W). Inheritance models were tested via chi-squared analysis. The multiple 
aleurone layer and embryo +/- phenotypes were determined by hand sectioning and light 
microcopy. Results are summarized in Table 1. The inheritance of the embryo positive 
phenotype in two telr lines fit an unlinked, dominant suppressor inheritance model of 12 wild 
type: 3 thk1-embryo positive: 1 thk1-embryoless (CML322/B73, M37W/B73), and one line fit an 
unlinked, semi-dominant embryo lethal suppressor inheritance model of 12 wild type: 2 thk1-
embryo positive: 2 thk1-embryoless.  
 
Table 1. Inheritance Patterns of telr Lines 
Chi-squared analysis of multiple aleurone layer and embryo +/- phenotypes. Segregation ratios and chi-
squared p-values are given for the multiple aleurone layer (MA) and thk1 embryo negative (thk1-R) and 
embryo positive (telr) inheritance models for F2 segregating cobs from each telr segregating line. WT= 
single aleurone layer and embryo positive.  
Line Phenotype Inheritance Model Cob1 Cob2 Cob3 Cob4 Cob5 Cob6 
CML322 Multiple aleurone layer: single 
gene recessive 3:1 
369 WT 
116 MA 
P<0.01 
275 WT 
87 MA 
P<0.01 
316 WT 
104MA 
P<0.01 
230 WT 
75 MA 
P<0.01 
269 WT 
90 MA 
P<0.01 
 
CML322 Embryo: dominant suppressor: 
12:3:1 
369 WT 
90 telr 
26 thk1-R 
P<0.01 
275 WT 
60 telr 
27 thk1-R 
P<0.01 
316 WT 
78 telr 
26 thk1-R 
P<0.01 
230 WT 
51 telr 
24 thk1-R 
P<0.01 
269 WT 
68 telr 
22 thk1-R 
P<0.01 
 
Ky21 Multiple aleurone layer: single 
gene recessive 3:1 
154 WT 
58 MA 
P<0.01 
218 WT 
75 MA 
P<0.01 
171 WT 
65 MA 
P<0.01 
167 WT 
65 MA 
P<0.01 
134 WT 
48 MA 
P<0.01 
165 WT 
66 MA 
P<0.01 
Ky21 Embryo: semi-dominant 
suppressor 12:2:2 
154 WT 
29 telr 
29 thk1-R 
P<0.01 
218 WT 
35 telr 
40 thk1-R 
P<0.01 
171 WT 
31 telr 
34 thk1-R 
P<0.01 
167 WT 
30 telr 
35 thk1-R 
P<0.01 
134 WT 
23 telr 
25 thk1-R 
P<0.01 
165 WT 
34 telr 
32 thk1-R 
P<0.01 
M37W Multiple aleurone layer: single 
gene recessive 3:1 
213 WT 
78 MA  
P<0.01 
167 WT 
56 MA 
 P<0.01 
147 WT 
48 MA 
P<0.01 
230 WT 
75 MA 
P<0.01 
221 WT 
75 MA 
P<0.01 
264 WT 
89 MA 
P<0.01 
M37W Embryo: dominant suppressor: 
12:3:1 
213 WT 
54 telr 
24 thk1-R, 
P<0.01 
167 WT 
38 telr 
18 thk1-R 
P<0.01 
147 WT 
34 telr 
14 thk1-R 
P<0.01 
230 WT 
49 telr 
26 thk1-R 
P<0.01 
221 WT 
52 telr 
23 thk1-R 
P<0.01 
264 WT 
64 telr 
25 thk1-R 
P<0.01 
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To verify the telr kernels were homozygous for the thk1 mutant, sequence based 
genotyping primers were designed to amplify SNPs on chromosome 1 between the B73 thk1 
progenitor and each respective NAM telr line progenitor (CML322, Ky21, M37W). 
Polymorphisms were identified by utilizing the Panzea SNP database and were confirmed by 
PCR amplifying and sequencing each respective telr and thk1 progenitor. Ten thk1, telr, and wild 
type kernels from one segregating cob for each telr-segregating NAM/B73 F2 line were 
endosperm dissected and had DNA’s extracted. DNA’s were PCR amplified using each line’s 
respective chromosome 1 SNP primers. Amplicons were sequenced at the ISU DNA facility and 
presence of each polymorphism was determined by visualization of sequence peaks in Chromas. 
We expected thk1 and telr phenotypes to be homozygous for B73 polymorphisms in and around 
the thk1-R deletion zone on the end of chromosome 1. Genotyping results are summarized in 
Table 2. Results indicate the telr and thk1 kernels are homozygous for B73 polymorphisms on 
the end of chromosome 1 and wild type phenotypes fit expected independent assortment. These 
results confirm the telr phenotypes are homozygous for the thk1 mutation and the telr phenotype 
is a suppression of the thk1-R embryo lethal phenotype. 
 
Table 2. Genotyping of Segregating thk1, telr, and wildtype kernels 
Genotypes of 10 kernels each of thk1, telr, and wildtype phenotypes to chromosome 1 
polymorphisms from one segregating cob for each respective NAM-B73 F2 line. SNP’s were 
determined by DNA sequencing and visualization in Chromas. 
Line Marker Location Polymorphism Linkage in 
WT 
Linkage in 
thk1-R 
Linkage in 
telr 
CML322/B73 PZA03613.1 Ch1: 
2,934,095 
G B73, A 
CML322 
10/20 G, 
10/20 A 
20/20 G 20/20 G 
Ky21/B73 PZA02869.2 Ch1: 
4,601,702 
T B73, C Ky21 8/20 T, 12/20 
C 
20/20 T 18/18 T 
M37W/B73 PZA03613.1 Ch1: 
2,934,095 
T B73, A 
M37W 
10/20 T, 10/20 
A 
20/20 T 20/20 T 
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Genetic Mapping of telr 
 
 
Genotype by sequencing (GBS) was done by our collaborators in the Paul Scott lab for 
the M37W/B73 telr line to determine the linkage interval for the gene(s) causal to the telr 
phenotype. Briefly, 20 thk1 and 20 telr individual kernels from the same segregating F2 cob and 
10 pooled M37W and B73 progenitor kernels were endosperm dissected and DNA-prepped 
following standard extraction methods. GBS was performed with indexed libraries consisting of 
individual thk1and telr DNA’s, and the B73 progenitor and telr M37W progenitor. GBS read 
alignments and processing was done in the Paul Scott lab by graduate student Hannah Worral. 
Polymorphisms were determined by comparing the GBS sequence reads between B73 thk1 and 
M37W telr progenitors. We predicted each of the thk1 and telr DNA’s would be homozygous for 
B73 polymorphisms around the thk1-R deletion zone as we expected the thk1 and telr 
 
Figure5.  thk1 and telr Kernel Linkage to Chromosome 1 
GBS derived M37W/B73 allele frequency (y-axis, 0= complete B73 linkage, 1= complete 
M37W linkage) for M37W/B73 polymorphism markers (dots) on chromosome 1 (x-axis, in 
base pairs) for telr kernels (red dots) and thk1 kernels (blue dots). Lines (---) represent the log 
of polymorphism marker allele frequency.   
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phenotypes to be homozygous for the thk1 mutation. Analysis of the chromosome 1 B73/M37W 
allele frequency for thk1 and telr DNA’s showed linkage to B73 markers as expected (Figure 5).  
Based on the unlinked, dominant inheritance pattern of the telr phenotype in the 
M37W/B73 telr line, we expected the thk1 phenotype to be homozygous for B73 polymorphisms 
and the telr phenotype to be homozygous or heterozygous for M37W polymorphisms at the telr 
locus. Analysis of the GBS allele frequency results showed thk1 linkage to B73 polymorphisms 
and telr linkage to M37W polymorphisms on the end of chromosome 9 (Figure 6). 
 To confirm the GBS analysis results, linkage to chromosome 9 was assessed for the thk1 
and telr DNA’s that were used in the GBS experiment using independent B73/M37W 
polymorphism markers. Primers were designed utilizing the Panzea database to amplify SNP’s 
between the B73 thk1 progenitor and M37W telr progenitor (Table 3). SNP’s were confirmed by 
sequencing the PCR amplicons and visualizing sequence peaks in Chromas. As expected, the 
 
Figure 6. thk1 and telr Linkage to Chromosome 9 
GBS derived M37W/B73 allele frequency (y-axis, 1= complete B73 linkage, 0= complete 
M37W linkage) for M37W/B73 polymorphism markers (dots) on chromosome 9 (x-axis, in 
base pairs) for telr kernels (red dots) and thk1 kernels (blue dots). Lines (---) represent the log 
of polymorphism marker allele frequency.    
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thk1 reference kernels showed linkage to B73 polymorphisms and the telr kernels showed 
linkage to M37W polymorphisms on the end of chromosome 9 (Table 3).  
 
Table 3. Confirmation of GBS Linkage Analysis 
Chromosome 9 linkage analysis of 12 thk1 and 12 telr kernel DNA’s used in the M37W GBS 
experiment. Primers were designed to amplify SNP polymorphisms between M37W and B73. 
SNP’s were confirmed and scored by sequencing PCR amplicons and by visualization of 
sequence peaks in Chromas. 
Marker Location Forward Primer Reverse Primer SNP Allele Frequency in 
thk1 
Allele Frequency in 
telr 
Chr9-1 Chr9: 
1,634,830 
CATCGTACCATCGAG
TTCCAC 
GCTTCACTTTGTTAC
CAACTGATG 
B73: A 
M37W: G 
4 A/A 
4 A/G 
1 G/G 
B73:12/18=0.66 
M37W: 6/18=0.33 
0 A/A 
8 A/G 
2 G/G 
B73:8/20=0.40 
M37W: 12/20=0.60 
Chr9-2 Chr9: 
2,119,994 
GACGTGTATCAGTG
AACTGCAC 
CTGACGGCAATAAA
CCACAAGAG 
B73: A 
M37W: G 
6 A/A 
5 A/G 
2 G/G 
B73:17/26=0.65 
M37W: 9/26=0.35 
1 A/A 
9 A/G 
2 G/G 
B73:11/24=0.46 
M37W: 13/24=0.54 
 
A bulked sergeant analysis (BSA) of the CML322/ B73 telr line is currently underway in 
collaboration in the Dr. Vollbrecht lab. Briefly, 20 thk1 and 20 telr kernels from the same 
segregating F2 cob were pooled and endosperm dissected and DNA-prepped following standard 
extraction methods. GBS was performed with libraries consisting of 20 pooled thk1and 20 
pooled telr DNA’s. GBS read alignments, processing and analysis was done in the Vollbrecht lab 
by Gokul Wimalanathan. Results from this experiment are pending analysis.   
In conclusion, we have identified three NAM-B73 telr lines from our analyses. The 
determination of the gene(s) causal to the telr phenotype will shed much needed light onto the 
elusive genetic function of the thk1 gene by identification of genes it interacts with in kernel 
development.  
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Supplemental Data 
 
Supplemental Table1. thk1 RT-PCR Primers 
Gene Forward primer Reverse primer Amplicon 
size (bp) 
CTRAN-1 
(GRMZM2G060742) 
CCTCATGGGGCTCAACATGTCC GGTTCGACCAGCTCCCAGAG 197 
MAP Kinase-4 
(GRMZM2G053987) 
GTCAGCCTGTTCCCGCGGATGC CGTCAGAGCCTGCTGCTCGAAGTC 192 
not1 (GRMZM2G065130) GTTGACAGTGGCCTGGATGGATG CGTCAAGGCTATTGTTGTCAGCAC 195 
TFYA3 
(GRMZM2G000686) 
GTTGGCATGGTTCCGTCCTCTCG CCCGAGCTCTCTTCATCGCGTG 205 
tbp1 (GRMZM2G149238) GAGAGAGGAGACCTACACTGCCTTC CAGGGCCTCTACCCAAACGGATC 328 
GRF-10 
(GRMZM2G096709) 
GCACTCCAGGAAGAAATGAAAGCGC GTGACGTTCGCAGTATTTCTCGTTTG 348 
ASN1 
(GRMZM2G154182) 
CAAGATTGAGCCATGGGACCTCC GTCTTCTTCATGCCGACCAGTAC 
 
204 
sbe1 (GRMZM2G088753) GATGTTTCAGGCATGCCGGTCC CTGTCGTCTGCATTTATCATAGCTCC 463 
PEPCK 
(GRMZM2G001696) 
GATGAGCATACTCGTGAAGTCG GATGAAGTGGTACATGGTCTGC 207 
btl (GRMZM2G144081) CATGGCCGGGGTGTTCCAGTGG CGATGGTGACCCTGGTCTTGATCAG 266 
22kD alpha zein 4 
(GRMZM2G346897) 
CGAGTGCCATTATTCCACAGTTC GTTGTCGCTGTTGTAGGTACGC 571 
Zein alpha ZA1/M1 
(GRMZM2G044152) 
GACCAGTTACTTCAATGGGCTTC GAGAACTGGCTGTATGGTAGC 626 
Beta zein 
(GRMZM2G086294) 
GAAGATGGTCATCGTTCTCGTCGTG CATCAGAGCTGGCTCGTACAGGC 350 
IAA30 
(GRMZM2G138268) 
GCTGTGGGTCTCAAGGGATGAACG GTATGATACAGAGACGAGCAGAGCTG 438 
 
Materials and Methods 
 
RNA isolation for RNA-seq and RT-PCR  
RNAs were extracted from 18 DAP thk1 mutants and wild type endosperms for three 
biological replicates each. Each biological replicate included RNA’s extracted from a mix of 5 
endosperm dissected kernels from the same cob. Kernels towards the center of the cob were 
selected to control for possible developmental differences. Total RNA was extracted as described 
(Wang et al., 2012). The RNA samples were subjected to DNAase treatment using RQ1 RNase-
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free DNase (Promega) and 2µg of RNA was reverse transcribed to cDNA with SuperScript™ III 
Reverse Transcriptase (Invitrogen) using the manufacturer’s protocol. 
For RT-PCR 18 DAP endosperm RNA was extracted from three biological replicates for 
each thk1-EMS allele and wild type progenitor B73. RNA was extracted using same conditions 
for RNA-seq samples outlined above. RNA was quantified and normalized between samples by 
use of a nano-drop and a ubiquitin internal control (GRMZM2G132759, see Gontarek et al., 
2016 for primer sequence). Samples were amplified in PCR and DE was determined by 
comparing the qualitative band intensities of amplicons from thk1 mutant to wild type B73. 
Supplemental Table 1 shows the gene- specific primer sequences and the respective amplicon 
sizes used in RT-PCR. 
 
thk1 RNA-seq  
RNA-seq data processing, normalization using quasi-seq, differential expression analysis, 
as well as SNP calling was performed at the ISU bioinformatics facility by Dr. Andrew Severin 
using the maize reference sequence V2. DE was determined by comparing the transcript read 
counts of thk1 endosperm to WT endosperm using q-value of 0.01 
 My contribution included the following; RNAs were extracted from 18 DAP thk1 EMS 
mutants and wild type B73 endosperms for three biological replicates each as described above. A 
three lane experimental RNA-seq design was implemented with indexed libraries consisting of 
one replicate for WT and each thk1 EMS allele in each of the three lanes. RNA library prep and 
Illumina sequencing were performed at the ISU DNA facility and the Illumina core facility. 
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RNAseq pathway analysis 
Pathway analysis was performed on DE genes using MaizeCyc, CornCyc, and gene 
ontology (GO) tools and databases (Monaco et al., 2013). Pathways with a significant cutoff 
value of 3 nodes were analyzed for up or down regulation by overlaying differentially expressed 
gene log2 fold change expression onto each pathway. For non-metabolic pathways, gene 
ontology was used with the maize sequence v2 ontologies.  Pathways were visualized using 
heatmaps generated by the R heatmap program.  
 
Phenotyping and inheritance pattern of telr kernels 
The multiple aleurone layer phenotype of thk1 and telr kernels was determined by hand 
sectioning and light microcopy.  The embryo positive and embryo negative phenotypes were 
determined by cutting the kernel in half and visually assessing if an embryo was present. For 
testing inheritance patterns, the phenotypic ratios of all kernels from 6 self-pollinated cobs 
bearing  F2 segregating kernels for each NAM-B73 telr line (CML322, Ky21, M37W) were 
counted and goodness of fit to various inheritance models tested via chi-squared analysis.  
 
Genotyping by Sequencing (GBS) 
GBS was performed by our collaborators in the Paul Scott lab. My contribution included 
the following; 20 thk1 and 20 telr individual kernels from the same segregating F2 cob and 10 
pooled kernels each of M37W and B73 progenitor were endosperm dissected and DNA extracted 
following standard methods. GBS was performed with indexed libraries consisting of individual 
thk1and telr DNA’s, and the B73 progenitor and telr M37W progenitor. Polymorphism markers 
were determined by comparing the GBS sequence reads between B73 thk1 and M37W telr 
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progenitors. GBS read alignments, processing, and analysis was done in the Paul Scott lab by 
graduate student Hannah Worral. 
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CHAPTER 4 
GENERAL CONCLUSIONS 
Modified from part of a book chapter to be published by Brian Larkins in 2017 
Bryan C. Gontarek and Philip W. Becraft 
 
Introduction 
 
Phenotypic and functional analysis of the nkd1 nkd2 mutant revealed important insight 
into the gene regulatory networks controlling aleurone development. As discussed in chapter 2, 
the nkd1 nkd2 mutant shows pleiotropic effects on aleurone differentiation and maturation and is 
conferred by mutations in two duplicated IDD protein family members which function 
downstream of DEK1 and CR4 in aleurone cell fate determination (Becraft and Asuncion-Crabb, 
2000; Yi et al., 2015). The multiple aleurone-like phenotype of the nkd1 nkd2 mutant indicates 
the aleurone layer has perceived and partially responded to positional aleurone cell identify cues 
but has failed to perceive or respond to cues that specify a single cell layer of aleurone. This 
phenotype indicates NKD1 and NKD2 function as positive regulators of aleurone cell identity 
and negative regulators of aleurone cell layer number. The positive functional role of NKD1 and 
NKD2 in either the perception or response to aleurone identity cues was further demonstrated by 
its decreased expression of aleurone identity markers vp1-promoter-GUS, rab17-YFP, and 
decreased anthocyanin accumulation (Yi et al. 2015; Goday et al., 1994; Gontarek et al., 2016).  
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NKD Genes Regulation of Endosperm Development 
 
Transcriptomic analysis of developing endosperm explained many of the nkd mutant 
phenotypes, revealing that NKD1 and NKD2 regulate expression of genes involved in the control 
of cell division, cell differentiation, anthocyanin biosynthesis, maturation and hormone systems 
(Figure 3) (Gontarek et al., 2016). NKD1 and NKD2 repress expression of positive regulators of 
cell division and proliferation including cyclin 3B-like and retinoblastoma related1, which might 
relate to the extra cell layers observed in the mutant (Gontarek et al., 2016). NKD1 and NKD2 
function in grain maturation and anthocyanin biosynthesis by their transcriptional activation of 
the viviparous1 (vp1) and r1 genes. VP1 is necessary for ABA responses and promoting 
maturation of the seed and aleurone. VP1 also activates the transcription of c1 which encodes a 
myb transcription factor, C1 that functions in a heterodimer with R1, a bHLH protein, to activate 
expression of anthocyanin biosynthetic genes (Goff et al., 1992, Hattori et al., 1992). NKD1 and 
NKD2 are required for regulation of genes of several hormone systems, including signaling and 
response to ABA and ethylene. These hormones also promote seed maturation as well as being 
important stress hormones. Regulation of stress responses is further indicated by direct 
transcriptional activation of the xylanase inhibitor protein-1 (XIP-1) gene, implicated in 
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pathogen defense (Jerkovic et al., 2010), which may help explain the propensity for nkd1 nkd2 
mutant kernels to develop infections (Figure 1).  
 
Remaining Research Questions 
 
Despite impressive recent advances enabled by technological developments, questions 
remain of both fundamental and practical importance. Some of these questions have previously 
been articulated in the literature, while others have not. The following list of questions is not 
exhaustive and they are not necessarily listed in order of significance:   
 
 
Figure 1. NKDs Gene Regulatory Network 
Conceptual framework for the regulation of diverse aspects of endosperm development by 
the NKD1 and NKD2 transcription factors (Gontarek et al., 2016). 
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1. Why do NKDs target genes differ between the aleurone and starchy endosperm? 
It is a well-studied phenomenon that transcription factor activity can be modified by 
posttranslational modifications or by associations with different transcription factor co-factors. 
Previous work in Arabidopsis has shown IDD family members transcriptional activity is 
posttranslationaly regulated by phosphorylation. The kinase SUCROSE NONFERMENTING-1-
RELATED PROTEIN KINASE 1 (SnRK1) was shown to phosphorylate the fourth zinc finger in 
the ID domain of IDD8 which decreased IDD8’s transcriptional activation activity (Jeong et al. 
BMB Plant Biol 2015 doi:  10.1186/s12870-015-0503-8). The phosphorylation of IDD8 did not 
affect its subcellular localization or its DNA binding activity suggesting phosphorylation may 
change IDD8’s protein-protein interactions with its co-factors. As discussed in the previous 
chapter, IDD family members have been shown to competitively bind with DELLA and GRAS 
family transcription factors (Yoshida et al., 2014; Yoshida and Ueguchi-Tanaka, 2014). These 
results indicate cell type expression differences of co-factors might represent how the 
transcriptional activity of the IDD family is globally regulated. Whether differences between 
how NKDs are posttranslationaly regulated or if co-factor expression differences exist between 
aleurone and starchy endosperm remains to be elucidated. 
 
2. What are the positional cues that specify aleurone cell fate? 
Casual inspection of endosperm histology makes it readily apparent that positional 
information is integrated into the establishment of cell fates. This is evident by the observation 
that the different endosperm cell types occur consistently in particular positions of the 
endosperm. Older literature proposed a cell lineage model for aleurone whereby cells in the 
peripheral layer divided only in the anticlinal plane such that daughter cells remained in the 
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peripheral layer and were never contributed to the internal starchy endosperm. As described 
above, more recent literature has shown unequivocally, using lineage markers, that aleurone cells 
also divide periclinally to contribute daughter cells internally. These internal daughter cells then 
undergo transdifferentiation from aleurone to starchy endosperm (Becraft and Asuncion-Crabb, 
2000). Furthermore, several lines of evidence demonstrate that cells in the outermost layer 
interpret and respond to their position throughout the duration of endosperm development. 
Dek1+ function is required for aleurone cell differentiation and in unstable dek1 mutants, loss of 
Dek1+ function at any time during development results in transdifferentiation of aleurone cells 
to starchy endosperm, whereas restoration of Dek1+ function in a dek1 mutant background 
causes transdifferentiation of starchy endosperm cells to aleurone (Becraft and Asuncion-Crabb, 
2000, Morrison et al., 1975). Furthermore, when endosperms from neighboring kernels 
occasionally fuse, aleurone cells that become internalized along the site of fusion redifferentiate 
to starchy endosperm (Geisler-Lee and Gallie, 2005). Thus, throughout the duration of 
endosperm development, aleurone cells are continually monitoring and interpreting their position 
on the endosperm surface and this positional information is required for aleurone cell fate. 
What is the nature of this positional information? This is an open question although 
several reports provide important clues. The differentiation of aleurone on isolated endosperm 
grown in culture strongly suggests that the positional cues arise from within the endosperm per 
se rather than through contacts with surrounding maternal tissues (Gruis et al., 2006). In this 
method, endosperms are excised from developing kernels at 6 DAP, so there is the formal 
possibility that early interactions with the nucellus somehow marks the surface cells in a stable 
manner, however this seems unlikely, particularly given the developmental plasticity of aleurone 
cells discussed above. There have been indications of hormonal involvement because treatment 
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with auxin transport inhibitors produced multilayered aleurone whereas overproduction of 
cytokinin disrupted aleurone differentiation (Forestan et al., 2010, Geisler-Lee and Gallie, 2005). 
In recent years, patterns of biomechanical stress have returned to the fore in discussions of 
mechanisms that control patterns of cell division, morphogenesis and cell differentiation 
(Louveaux et al., 2016, Xunxun et al., 2016). Such a mechanism could well function in the 
surface layer and the proposed role of DEK1 in maintaining cell-cell contact within the 
epidermal layer (Galletti and Ingram, 2015) (and presumably the aleurone layer if the model is 
correct) could fit well with such a model. Many other potential mechanisms also remain possible 
and as such, the nature of the cue(s) that allow aleurone cells to perceive their position within the 
endosperm tissue and differentiate accordingly remains one of the biggest unanswered questions 
for aleurone development.    
   
3. What genes function downstream of CR4 and DEK1 and upstream of NKDs? 
This question directly relates to the previous question; how do cells perceive and respond 
to the positional cues? As discussed in chapter 1, CR4 and DEK1 both function in the perception 
or response to the positional cue(s) that specifies aleurone cell fate. As also discussed, the 
protein(s) CR4 and DEK1 directly regulate is unknown, however DEK1 function was implicated 
in the regulation of cellular divisions. The observation that both DEK1 and NKDs regulate cell 
division lends credence to the hypothesis that the regulation of cellular division may directly 
regulate cell fate determination in the endosperm. As previously discussed in this chapter, IDD 
family member’s transcriptional activity has been shown to be regulated by phosphorylation. It is 
an intriguing idea to speculate that CR4 may directly or indirectly phosphorylate NKDs to alter 
their transcriptional activity to promote aleurone cell fate determination. Whether CR4, DEK1 
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and NKDs directly or indirectly function through unidentified factors in the perception or 
response to positional cues remains to be resolved.   
 
4. What determines aleurone competency? 
This question is a corollary to the previous one; how do cells perceive and respond to the 
positional cues? As discussed above, several regulatory genes are known to be required for this 
process as per the disrupted aleurone phenotypes of their mutants, yet none of the known factors 
are strictly aleurone specific. The phenotypic defects of 'aleurone mutants' also include starchy 
endosperm cells, often resulting in opaque and/or carotenoid-deficient endosperm. In addition, it 
appears that there might be a regional competency. As described, mutants that increase the 
number of aleurone (or aleurone-like) cells represent negative regulators of aleurone cell fate. 
These mutants include thk1, sal1 and nkd (Becraft and Asuncion-Crabb, 2000, Shen et al., 2003, 
Yi et al., 2011, Yi et al., 2015). Yet, the effects of these mutants on aleurone cell fate is limited 
to the peripheral cell layers of the endosperm, indicating that they are acting within a larger 
patterning framework that limits aleurone competency to the outer regions of the endosperm. The 
factors that determine this competency are at present unknown. The globby1 mutant may be the 
only example of phenotype that includes scattered aleurone cells positioned internally in the 
endosperm (Costa et al., 2003), thus the identification of this gene could be informative to 
understanding how an important aspect of overall endosperm organization is achieved.  
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5. What is the significance of endosperm patterning reflected in mosaic aleurone mutants 
and how does it relate to aleurone development? 
Many of the mutants that disrupt aleurone differentiation do so asymmetrically, with the 
abgerminal sides of kernels much more prone to disruption than the germinal side (Figure 4). 
Published mutants that display this pattern include cr4, dek1-D, and nkd1 nkd2 (Becraft and 
Asuncion-Crabb, 2000, Becraft et al., 2002, Becraft et al., 1996, Yi et al., 2015), and we have 
several others in our mutant collection. The vp8 mutant produces an opposite mosaic pattern, 
with the germinal face most likely to display aleurone disruption (Suzuki et al., 2008), 
suggesting that different developmental domains of the kernel are under distinct genetic 
regulation. This recurring phenotypic pattern obviously reflects some feature of the underlying 
biology. Two aspects of this phenomenon remain obscure and merit discussion: what is the 
significance of this pattern in relation to overall endosperm development, and what is the nature 
of the signal?   
The former question is perhaps more fundamental; is this pattern important for some 
aspect of endosperm development? Gradients have been described for cell division, gene 
expression, storage protein accumulation, endoreduplication and programmed cell death 
(Kiesselbach, 1949, Randolph, 1936, Kowles and Phillips, 1988, Woo et al., 2001, Young et al., 
1997). Are the spatial distributions of some or all these activities related to the aleurone mosaic 
pattern? Are the spatial distributions of these activities functionally critical? Or is there an 
unknown aspect of endosperm development that is being patterned and if so, what is its 
functional significance? Learning the importance of this unknown patterning phenomenon will 
require disrupting it, which is a conundrum given that we don't know the nature of the signals 
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that establish the pattern, and if the pattern is of fundamental importance the desired mutants 
might manifest as aborted grains. 
Unknowns regarding the nature of the signal(s) include its physical identity as well as the 
source. Presumably, the most likely scenario is that the signal has a chemical basis, although a 
mechanical mechanism cannot be ruled out. Chemical signals could include any of the plant 
hormones, a small peptide, small RNA or a trafficked protein. In fact, given that the early 
endosperm is a coenocyte, a molecule would not necessarily even need to be mobile but could be 
asymmetrically distributed in the early endosperm to establish a pattern that is propagated later in 
the cellular endosperm. This would be reminiscent of the coenocytic Arabidopsis embryo sac 
where asymmetric distribution of CKI1 protein is required for proper central cell fate 
specification (Yuan et al., 2016).  
The source of the signal is also unknown although the pattern itself provides some 
potential clues. The embryo was an obvious candidate but was experimentally discounted by 
mutational analysis with the wandering embryo (wem) mutant which produces embryos on 
random faces of the kernel. The pattern of aleurone mosaicism in dek1 wem and cr4 wem double 
mutants did not change with altered embryo position (Becraft and Asuncion-Crabb, 2000). 
However, the aleurone mosaicism pattern does appear to center around the position of the silk 
scar. Several structures would be consistent with this pattern, including the silk itself or carpels 
at the silk attachment site. This is also the region of the kernel where the persistent antipodal 
cells reside which could reflect earlier events in the chalazal region of the embryo sac. Finally, 
the growing pollen tube could potentially mark this region of the kernel with a signal. 
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6. What is the genetic program that confers aleurone identity? Is aleurone just epidermis? 
While quite a number of mutants that disrupt normal aleurone development are known in 
maize and other cereals, none are truly aleurone-specific. All the aleurone mutants thus far 
described in maize show pleiotropic effects. As previously reviewed, many mutants that affect 
aleurone also affect the epidermis of the shoot (Becraft and Yi, 2011). The aleurone is often 
referred to as the epidermis of the endosperm and the shared genetic regulation suggests there 
might be evolutionary homology. However, even within the context of the endosperm, most 
mutants that have been studied in depth show pleiotropic effects on starchy endosperm tissue 
(Becraft et al., 2002, Jin et al., 2000, Yi et al., 2011, Yi et al., 2015, Young and Gallie, 2000, Qi 
et al., 2016). 
Interestingly, whole genome coexpression network analysis (WGCNA) in 8 DAP kernels 
showed that the aleurone transcriptome was more similar to the embryo than to other endosperm 
cell types (Zhan et al., 2015). Nonetheless, an aleurone-specific gene expression module was 
identified containing just over 800 genes, presumably important for tissue-specific functions. 
Among these were 43 aleurone-specific transcription factors which likely hold the key to 
understanding the 'aleurone program'.  A detailed analysis of these will provide valuable 
information about the specific genes and biological functions they regulate. What would be 
particularly exciting would be to identify a 'master regulator' but whether a single factor that 
controls aleurone identity exists is questionable. Given the intensive mutant screens that have 
been conducted in pigmented aleurone genotypes, and how obvious an aleurone deficient 
phenotype is in such a background, it would seem such a factor would have been discovered. 
Hence, a combinatorial mechanism might be more likely, which will only become clear with 
continued study of the gene regulatory networks. 
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7.  Is aleurone patterning related to the radial patterning mechanism in Arabidopsis roots? 
Several lines of evidence suggest the possibility that aleurone could be patterned by 
mechanisms related to the well-known root radial patterning mediated by SCARECROW (SCR) 
and SHORT-ROOT (SHR), members of the GRAS family of transcription factors (Nakajima et 
al., 2001). SHR is expressed in the stele of the root and the protein is trafficked to the 
cortical/endodermal initial where it activates expression of SCR. This system is required to 
regulate an asymmetric cell division that gives rise to the cortex and endodermal layers of the 
root. In addition, four IDD proteins, JACKDAW (JKD), BALDIBIS (BIB), NUTCRACKER 
(NUC) and MAGPIE, have overlapping functions in the specification of the cortical cell layer of 
the root. JKD, NUC and MAGPIE form a transcription factor complex with SCR and SHR 
(Long et al., 2015, Ogasawara et al., 2011). This complex is essential for the specification of 
endodermal cell fate in the Arabidopsis root and for the nuclear retention of SHR leading to just 
a single layer of endodermal cells. In jkd bib double mutant roots, the single endodermal layer is 
replaced with multiple layers of cells with indistinct identity (Long et al., 2015, Ogasawara et al., 
2011).  
The jkd bib mutant phenotype is reminiscent of nkd1 nkd2 mutants where multiple layers 
of cells with indistinct identities replace the single aleurone layer (Becraft and Asuncion-Crabb, 
2000, Yi et al., 2015). Furthermore, a scarecrow-like1 (scl1) gene encoding a maize member of 
the GRAS family is differentially expressed between wild type and nkd1 nkd2 mutant endosperm 
and is predicted to be a direct target of NKD1 and NKD2 transcriptional activation. This 
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suggests the intriguing hypothesis that NKD1 and NKD2 might similarly interact with GRAS 
family members to regulate aleurone patterning and cell fate. Future experiments are needed to 
test this hypothesis.  
 
8. How are hormones involved in aleurone development?  
Phytohormones seem to be involved in most, if not all, plant processes and endosperm 
development is no exception. A detailed account of all the hormone studies conducted in 
endosperm is beyond the scope of this chapter but suffice it to say most of the published reports 
examine global hormone levels and biological activities. For example, a global increase in auxin 
levels is linked to increased rates of cell division and endoreduplication (Lur and Setter, 1993) 
while ethylene promotes programmed cell death (Young et al., 1997). However, hormones are 
now known to have highly localized functions and to be intimately involved in many examples 
of cell and tissue-level pattern formation, such as organ primordia formation on the shoot apical 
meristem (Bar and Ori, 2014). Such fine scale analyses have yet to be undertaken in the 
endosperm. Nonetheless, there have been a number of reports that provide intriguing hints at the 
importance of various hormones for regulating aleurone differentiation and patterning. 
ABA and GA are well known regulators of late aleurone maturation and germination and 
aleurone cells served as a classic system in early studies on hormone-mediated gene regulation 
(Skriver et al., 1991). While there is not currently strong evidence for these hormones 
functioning in earlier patterning events, there have been enticing hints as to the involvement of 
auxin and cytokinin in regulating aleurone development. Plants watered with a solution 
containing the auxin transport inhibitor NPA produced kernels with multiple aleurone layers 
(Forestan et al., 2010). There was a commensurate expansion in the expression of the auxin 
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transporter ZmPIN1 to multiple cell layers as well as an expanded region of auxin accumulation. 
These observations suggest the hypothesis that an auxin maximum directs aleurone 
differentiation.  
Cytokinins have been implicated through transgenic expression of the IPT gene under the 
regulation of the senescence inducible SAG12 promoter. IPT encodes a rate-limiting enzyme in 
cytokinin biosynthesis, and the endosperm surfaces of transgenic kernels were mosaics with 
interspersed aleurone and starchy endosperm cells, suggesting that cytokinins can inhibit 
aleurone differentiation (Geisler-Lee and Gallie, 2005). 
Despite these enticing reports, there is no strong evidence directly implicating endogenous auxin 
or cytokinin in directing normal aleurone differentiation. The tools are currently available to test 
these hypotheses but the studies have not yet been conducted.    
 
9. Is there a functional link between aleurone development and carotenoid biosynthesis? 
Many aleurone defective mutants, including dek1, cr4 and nkd are carotenoid deficient 
(Becraft et al., 2002, Jin et al., 2000, Yi et al., 2015). Carotenoids themselves do not appear 
required for aleurone differentiation because carotenoid deficient mutants appear able to produce 
a normal aleurone (unpublished observations). In the case of the NKD1 and NKD2 transcription 
factors, it appears the link could be transcriptional regulation of the y1 and vp5 genes which 
encode key carotenoid biosynthetic enzymes (Gontarek et al., 2016). It is currently unknown 
whether this represents a link in common among other defective aleurone mutants, or if it is 
coincidental that these particular mutants happen to share aspects of their pleiotropic phenotypes. 
Interestingly, the thk1 mutant, which is epistatic to dek1 for producing aleurone cells, is also able 
to rescue the carotenoid deficiency of the dek1 endosperm (Yi et al., 2011). This would be 
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consistent with a shared mechanism regulating both aleurone differentiation and carotenoid 
biosynthesis, which is not an obvious expectation. In depth transcriptomic analysis of all these 
mutants would likely reveal whether there is a link.   
10. How can we manipulate metabolic pathways in the aleurone to improve biological 
functions, grain quality traits and dietary health benefits? 
As described in chapter 1, aleurone contains many compounds responsible for the health 
benefits associated with dietary cereal bran. What are the regulatory mechanisms that control the 
levels of these various healthful compounds? How much natural variation is available for the 
accumulation of these compounds? Are the genetics favorable for breeding? Are the metabolic 
pathways amenable to engineering? Will there be adverse side effects, compensatory loss of 
other desirable compounds, or yield penalties for increasing particular desirable compounds? 
Addressing these questions will provide fertile research topics for many years. 
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